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ABSTRACT 
Cable-stayed bridges are highly redundant structures that are vulnerable to intentional 
and accidental extreme events that may lead to cable loss.  The potential loss of a major 
element, which imposes dynamic effects to the structure, can subsequently lead to the 
collapse of the whole structure.  Codes recommend the use of dynamic amplification 
factors to simulate the response of cable-supported structures to the loss of a cable.  
Recent research has identified that this method is conservative and there is little or no 
guidance for carrying out detailed dynamic analysis for cable loss.  The loss of one or more 
cables due to blast and fire using dynamic analysis method is investigated and compared 
to the code recommended method to account for effect of time and the event leading to 
cable loss hereby recommending a simplified method of dynamic analysis for cable loss.  
Three cable-stayed bridge models namely Model A (road traffic bridge with three semi-
fan cable arrangements), Model B (road and foot traffic bridge with one single harp cable 
arrangement) and Model C (footbridge with two symmetrical semi-fan cable 
arrangement) were modelled and non-linear dynamic analysis carried out for the loss of 
the backstay and the longest cable using Abaqus 6.13.  The effect of the cable loss due to 
blast and fire on the remaining cables, cable-deck connection, cross beam, longitudinal 
girder, deck and pylon were examined and compared to the code recommended method.  
The relationship between cable loss time and the natural period of the bridge was also 
investigated in this research.  A progressive collapse check was then carried out and 
Dynamic Amplification Factors (DAF) were obtained for the cable loss scenarios 
considered for the vehicular and pedestrian cable-stayed bridges.  
It is therefore of importance to study whether these structures can withstand these 
accidental/intentional loads, fulfil their economic benefit to society and establish a 
guideline for carrying out the dynamic analysis not only for road traffic cable-stayed 
bridges but also cable-stayed footbridges. 
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Chapter 1  
INTRODUCTION 
1.1 Background of the investigated problem 
Over the last half-century, cable-stayed bridges have gained popularity tremendously and 
have undergone amazing modifications both structurally and aesthetically.  This 
development has been due to their economical solution for carrying traffic loading for 
spans from up to and presently above 1000 m, high strength materials, development of 
computer technology and better construction methods.   
Before the nineteenth century several cable-stayed bridges collapsed because statics and 
material behaviour were not fully understood. These failures led to the abandonment of 
cable stayed bridges.  After the Second World War, cable-stayed bridges became the 
acceptable solution adopted when rebuilding the destroyed bridges as they were both 
easier to construct and cheaper than other viable structures. 
However, after the terrorist attack on the World trade Centre on the 11th of September 
2001, engineers have become increasingly concerned that the loss of a key element of a 
structure can lead to the progressive collapse of the structure.  Bridges are also attractive 
terrorist targets because they are easily accessible and are likely to have a catastrophic 
consequence on the surrounding society when damaged (Yan and Chang, 2010). 
Likewise, cable-stayed bridges have proven to be more vulnerable than other structures 
because the individual bridge elements are not only prone to intentional attacks but also 
to accidental events such as collision or fire, natural disasters, lack of maintenance over 
a long period, corrosion and loosening of a cable before replacing it. 
Adverse accidental or intentional events can cause a cable-stayed bridge to respond in a 
dynamic manner.  To take these scenarios into account in the design of cable-stayed 
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bridge engineers rely on published codes and guidelines (EC3, 2006; PTI D-45.1-12, 
2012).  The codes and guidelines provide dynamic amplification factors which state how 
many times the static effects or actions are to be enhanced to cater for the additional 
dynamic load (Mozos and A. C. Aparicio, 2010).  A number of researchers state that this 
method underestimates the dynamic response of the cable-stayed bridge (Zoli and 
Woodward, 2005; Ruiz-Teran and Aparicio, 2007; Wolff and Starossek, 2009, 2010).  As 
an alternative to the use of a dynamic amplification factor some of the codes advise a 
nonlinear dynamic analysis to be carried out with little or no guidance on how to carry 
out the analysis (EC3, 2006; PTI D-45.1-12, 2012).  
A number of investigations have been carried out on the effect of the loss of a cable on 
conventional cable-stayed bridges (Mozos& Aparicio 2010a; Mozos & Aparicio 2010b; 
Hyttinen et al. 1994; Wolff & Starossek 2008; Park et al. 2008; Kao & Kou 2010; Mozos & 
Aparicio 2011; Wolff & Starossek 2009; T. Zoli & Woodward 2005) and non-conventional 
ones such as under-deck cable-stayed bridges (Zoli and Woodward, 2005; Ruiz-Teran 
and Aparicio, 2007, 2009; Khan, 2010; Gerasimidis and Baniotopoulos, 2011).  These 
researchers have stated that the use of dynamic amplification factors is over simplified 
and the dynamic amplification factor can vary at various locations of the cable-stayed 
bridge depending on the location of the ruptured cable and on the type and location of 
the response being examined.  They have also carried out non-linear dynamic analysis 
varying the location of cable loss, no of cables lost, and loading, obtaining the rupture time 
of a cable, However, further work is required on the nonlinear dynamic analysis to 
consider the location of the blast load, corrosion of the cable, natural period of the bridge 
in relation to the rupture time, number of cables lost, the type/use of the bridge and the 
modelling techniques adopted  
It is hoped that this research will contribute to the guidance given in the code of practise 
and redress the present lack of knowledge in carrying out a comprehensive dynamic 
analysis for the sudden or gradual loss of a cable.  It will also provide a more realistic 
estimate of the dynamic amplification factor expected in the events of cable losses. This 
enhanced understanding should provide potential improvement to the design of robust 
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cable-stayed bridges and help this complicated structure fulfil its economic benefit to the 
society. 
1.2 Objectives of Research 
The objective this research is: 
• To determine the resilience of a cable-stayed bridge after damage or loss of 
cable(s). 
• To further understand the structural behaviour and dynamic response of cable-
stayed bridges to loss of a cable(s) in relation to the cable layout. 
• To evaluate the effectiveness of modelling techniques available for the analysis of 
cables loss. 
• To determine the effect of losing cable(s)due to blast load for traffic and 
pedestrian cable-stayed bridge of varying cable arrangement/configuration. 
• To determine the effect of losing cable(s)due to fire load for traffic and pedestrian 
cable-stayed bridge of varying cable arrangement/configuration. 
• To establish dynamic amplification factor for effects due the loss of cable(s) due 
to fire and blast. 
• To establish the likely rupture time of the cable members used in a typical cable-
stayed bridge in relation to the natural period of the bridge. 
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1.3 Research Gap 
To justify the novelty of the research, previous work carried out in relation to cable loss 
on cable-supported structures have been reviewed and the gap identified has been 
presented in the figure below. 
 
Figure 1-1:  Figure showing the research gap 
 
1.4 Description of Thesis 
This thesis consists of eight (8) chapters with the first chapter giving a background on the 
development of cable-stayed bridges and exposure to extreme events as well as the 
limitations on research and guidelines to guard against extreme events. 
Static Analysis - 
DAF 
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Chapter 2 provides a literature review of cable-stayed bridges, relevant research on 
extreme events that lead to the loss of cable(s) on cable–stayed bridges and research on 
the method of design and analysis for the cable-stayed bridges against the loss of cable(s).  
This is important to understand the structural response of cable-stayed bridges to cable 
loss in relation to previous work done as well as identifying the gaps in this research area. 
Chapter 3 gives a detailed synopsis on the finite element analysis procedures to be 
adopted and a flow chart of the methodology to be adopted in carrying out the analysis 
from pre-processing stage to post processing. 
This leads on to chapter four (4) introduces the cable-stayed bridge models – A typical 
cable-stayed traffic bridge (Model A), another cable-stayed traffic bridge with and 
interesting layout (Model B) and a typical cable-stayed footbridge (Model C) analysed as 
case-studies in obtaining its structural response to cable loss.   This chapter also contains 
validation of analysis model to be used with existing experimental results and hand 
calculation and verification of the analysis methods and parameters used to model the 
extreme events scenarios.   
The next chapter (5) presents and discusses the results obtained when analysing the 
cable-stayed traffic bridge named Model A, B and C to the loss of cable(s).  The three 
models were modelled and analysed using a detailed dynamic analysis with Abaqus 6.13 
for the loss of cable(s) due to blast.  The stress in the remaining cables, vertical 
displacement at the cable-deck connection point, bending shear and deflection in the 
cross beam, longitudinal girder, deck and pylon are examined for all three models.  Two 
cables are also lost due to blast and one cable lost due to fire.  The relationship between 
the cable loss time and the period the bridge was established, followed by a progressive 
collapse check on the stresses in the cable for the cable loss scenarios considered and 
finally, the DAF was calculated for these cable loss scenarios. 
This chapter also compares the result obtain Model A and B and then between Model A. 
B and C.   
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Finally, Chapter 6 discusses the conclusion drawn from the results obtained categorising 
them into main and other conclusions.  Furthermore, recommendations in relation to the 
results obtained are made and possible future work list out. 
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Chapter 2  
LITERATURE REVIEW 
2.1 General Overview on Cable-stayed Bridges 
 Introduction to Cable-Stayed Bridges 
A conventional cable-stayed bridge is made up of the deck, cables, pylon(s) and 
anchorages as shown in Figure 2-1. 
Girder
Stays
Pylon
Anchorage
 
Figure 2-1: Components of a Cable-Stayed Bridge 
According to Troitsky, (1988) the realisation of the ability of using triangles to form rigid 
structures led to the evolution of the concept of cable-stayed bridges.  Generally, it can be 
said that cable-stayed bridges developed from beams being supported by inclined or taut 
cables attached to a tower (pylon) as shown in Figure 2-1. 
The cable-stayed bridge load transfer pattern is a simple force system as shown in Figure 
2-2.  The inclined cables should provide a rigid support for the deck on which load is 
applied, allowing the bridge to cover long spans.  Vertical load applied on the deck of a 
cable-stayed bridge is transferred to the pylons by these inclined cables.    
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However, the cables do not provide a rigid support as they should because they are elastic 
and in tension, they sag under their own weight known as catenary action.  The cable 
tension is therefore not directly proportional to the extension of the cable which induces 
extra deflection in the deck making it extremely challenging to determine the internal 
forces and reactions with the static equilibrium equations, the bridge structure is 
statically indeterminate. 
 
 
 
 
Figure 2-2:   Structural Force Systems for a Cable-Stayed Bridge. 
Also, contributing to its statically indeterminate state, is the axial force in the inclined 
cable which induces axial compressive forces in the deck making the deck subject to both 
axial compression and bending, thus behaving like a beam-column causing second order 
behaviour.  The pylons are also required to provide a rigid support but because they are 
long elements and the cables are connected to the top of the pylon causing them to bend 
in the vertical plane due to unsymmetrical cable loads.  The deck experiences further 
deflection which is known as the P-Delta effect (Casciati et al. 2008; Joshi, 1999).  All this 
extra deflection induced on the deck makes the cable-stayed bridge a statically 
indeterminate structure. 
 Components of a Cable-Stayed Bridge 
2.1.2.1   Cables 
Cables, also known as stays, are made up of one or more strands and are the major load 
carrying component of cable-stayed bridges.  They serve as support and provide vertical 
T 
T 
C C 
C T = Tension 
C = Compression 
Simple Force System 
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stiffness to the deck girders (Bernado, 1990).  The major types of stays used are locked 
coil, steel parallel wire, spiral strands, 7-wire strands, ropes, bars and advanced 
composite wires. 
Table 2-1:  Summary of properties for different types of cables.  
Type of Cable Young Modulus, E 
[N/mm2] 
Ultimate Tensile 
Strength [N/mm2] 
Locked Coil 155000 1570 
Steel Parallel 
Wire 
195000 1570-1840 
Spiral Strands 155000 - 175000 1570 
7-wire strands 190000 1860 
Ropes 125000 1550 
Bars 210000 1030-1400 
Advanced 
Composite 
Wires 
160000 1400 - 6800 
 
The choice of cable depends on its properties, essentially its physical and mechanical 
strength.  Locked coil exhibits high strength and compactness with a modulus of elasticity 
of 155,000 N/mm2 and an ultimate strength of 1570 N/mm2 (Troitsky 1988).  Spiral 
strands strength reduces due to the spinning of the strand having a typical modulus of 
elasticity of 175,000 N/mm2 exhibiting good fatigue performance and strength to weight 
ratio (Walther et al., 1999; Gimsing and Georgakis, 2012).  The parallel wire cable has a 
modulus of elasticity of  195,000 N/mm2 and an ultimate strength of 1570-1840 N/mm2, 
thus a high stiffness and good mechanical properties (Walther et al., 1999; Hewson, 
2009). 
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Moreover, the 7-wire strand is the simplest, cheapest and most common type of strand, 
commonly used as tendons in pre-stressed concrete with a modulus of elasticity of 
190,000 N/mm2 and an ultimate strength of 1860 N/mm2.  Another type of stay are the 
structural ropes which are very flexible, cheap and are commonly used for temporary 
works such as tension bracing and catwalks.  They are prone to corrosion in that their 
surface is exposed and can easily trap moisture because of the layout arrangement.  
Structural rope has low axial stiffness with a modulus of elasticity of 125,000 N/mm2 and 
an ultimate strength of 1570 N/mm2 (Gimsing and Georgakis, 2012).   
Bar stays have a modulus of elasticity of 210,000 N/mm2 with an ultimate strength 
ranging from 1030-1400 N/mm2.  They are easy to install and have high internal 
resistance to applied load but low strength-to-weight ratio and are commonly used in 
small bridges and footbridges (Hewson, 2009; Gimsing and Georgakis, 2012).  Finally, 
advanced composite stays also known as Carbon Fibre Reinforced Polymers (CFRP) 
ropes have exceptional strength to weight ratio.  The modulus of elasticity of the carbon 
fibre is about 160,000 N/mm2 lower than that of steel (210,000 N/mm2).  They are 
difficult to anchor and are more expensive than the traditional steel wires or bars, not 
quite in common use and are very sensitive to lateral pressure (ICE, 2008; Hewson, 
2009).  
2.1.2.2   Deck 
The deck of the cable-stayed bridge also known as the girder is designed to carry the 
external load on the bridge such as the traffic load, pedestrian load, cycle loads, wind 
loads, erection loads and accidental loads. The deck should be able to transfer the load 
locally back to the cables and consequently is subject to bending moments, torsional 
moments, deflection, shear and normal forces arising from the imposed loads (Gimsing 
and Georgakis, 2012).   
Various section types have been used for the deck on cable-stayed bridges.  The plate 
girder is one option which consists of a deck and two vertical plate girders as shown in 
Figure 2-3a. Because the plate girder cross-section is an open system it is subject to 
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torsion, thus the cables must offer support against torsional forces. However, box girder 
deck sections such as the one shown in Figure 2-3b are a very stiff type of girder capable 
of carrying torsional forces. Box section beams are usually adopted in situations where 
the cables do not provide torsional support to the deck but can also be used in cable 
systems that give torsional support to have a very stiff structure.    
Moreover, the open truss girder is like the plate girder but with the deck spanning been 
the two edge trusses; this type of cross section has no torsional stiffness but is relatively 
light in weight (Figure 2-3c).  On the other hand, the closed truss cross-section is a 
modification of the open truss, with the addition of lower bracing at the bottom chords of 
the truss to act against wind.  This addition produces an enhanced torsion ally-stiff 
section with lower aerodynamic instability when compared to the open truss system 
(Figure 2-3d).   
 
Figure 2-3 :  Common girder sections types 
2.1.2.3   Pylons 
Pylons are the major features that express the visual form of a cable stayed bridge.  The 
main load on the pylon comes from the deviation forces aligned with the pylon in the 
cables attached to the pylon and the vertical element can be constructed from concrete 
and/or steel.  Concrete pylons have the advantage of lower cost and show good behaviour 
in compression while steel pylons are fast to fabricate and erect.  Diverse configurations 
have been adopted for the pylon over the years such as the A-Frame, the H-frame, 
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Inverted Y-shaped pylon, the portal pylon, diamond shaped pylon, V-shaped pylon and 
curved pylons as shown in Figure 2-4 (Gimsing and Georgakis, 2012). 
 
Figure 2-4:   Configurations of pylons used for cable-stayed bridges  
(Gimsing and Georgakis, 2012) 
Pylons can also be broadly classified by the suspension system, namely the central 
suspension system and the lateral suspension system. The central suspension system is 
used when the deck supports two carriageways in opposites directions with the cable 
connected to the central reserve (Figure 2-5a).   While the lateral suspension systems 
(Figure 2-5b), helps to improve the aerodynamic stability of the cable-stayed bridge.  It 
also allows for a significant torsional stiffness of the structure and permits the use of a 
slim deck (Walther et al., 1999). 
 
 
 
 
 
 
                                        
Figure 2-5:  Central and Lateral Suspension System 
(Walther et al., 1999) 
a) Central Suspension System 
 
b)  Lateral Suspension System 
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2.1.2.4   The Cable Anchorages 
The anchorage of a cable stayed bridge serves as the support to the cable system in the 
vertical and horizontal direction and sometimes just vertically at the far ends of the 
bridge which is normally at the abutments.  It also transfers forces from the cable to the 
deck, pylon or the support (pier/abutment) (ICE, 2008). 
   Types of Cable-Stayed Bridges  
Cable-stayed bridges can be classified per stay arrangements and cable position.  The 
types of cable-stayed bridges are classed depending on the longitudinal or vertical 
arrangement.   
The longitudinal arrangement includes the fan arrangement having all cables connected 
to the top of the pylon as shown in Figure 2-6.  This arrangement helps to achieving 
maximum inclination of the cables which reduces the quantity of steel required with the 
cables located at the maximum eccentricity from the deck which induces less moment on 
the pylon.  However, congestion occurs at the top of the pylon leading to the transfer of 
very high forces to the pylon and possible corrosion of the cables at the pylon anchorage.  
An inference on the possible corrosion occurring at the pylon anchorages could be due to 
the small spacing between the anchorages which defaults accessibility and maintenance.  
It is also difficult to detail and not easy to access the pylon anchorage for the replacement 
of a cable.   
The harp arrangement also adopts the longitudinal arrangement wherein the cables, 
which are parallel to each other, are connected to the pylon at different heights, (Figure 
2-7).  This arrangement of cables however gives very good stiffness to the main span if 
the cable is anchored to a pier but the arrangement induces bending moments to the 
pylon.   
The semi-fan arrangement is a modification of the fan and harp arrangement system, as 
shown in Figure 2-8, resulting in the reduction of the congestion at the top of the pylon 
and spreading out the cables along the pylon making them as close as possible to the top 
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of the pylon but not parallel to each other, allowing for better access to carry out 
maintenance (Walther et al., 1999; ICE, 2008).  Finally, the asymmetric arrangement 
(Figure 2-9) was developed from an unbalanced arrangement of cables (asymmetric) due 
to topographical conditions/ clearance requirements/ aesthetics reasons.  
 
Figure 2-6: Fan Arrangement 
 
Figure 2-7:  Harp Arrangement 
 
 
Figure 2-8:  Semi-fan Arrangement 
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Figure 2-9: Asymmetric Arrangement 
The Single Plane System is a type of the horizontal plane system which is formed with 
one plane of cables at the centre of the longitudinal axis; an arrangement which requires 
a very stiff deck.  The central plane of cables can also be used as lane separator (median) 
which is quite aesthetically pleasing (Figure 2-10a).   
The second type is the two-plane system with two planes of cables as shown in Figure 
2-10b (Trotsky, 1988).  The pylons have no restraint against lateral displacement thus 
there is a need for the construction of cantilevers connecting the cable anchorage to the 
web of the main girder necessary for transferring shears and bending moments in the 
deck.  There is also the need for longer substructures (piers) due to the distance of the 
pylon legs from each other since they are outside the cross section of the bridge. This 
layout is stiffer than the single plane system having a balanced distribution of loads by 
cables to the pylons. 
The Inclined plane system is a modification of the two-plane system but with the cable 
anchored at the top of the pylon transversely and longitudinally.  The shape of the pylon 
is usually the A-shaped tower (Figure 2-10c).  This system inhibits very high lateral 
stiffness by the triangle action and frame action (Triostsky, 1988).  Finally, the multiple 
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plane system has more than two planes of cables along the transverse direction of the 
cable stayed bridge.  This is used for wide carriageways with the deck subjected to high 
transverse bending (Figure 2-10d). 
 
Figure 2-10  - Types of Horizontal Plane System Arrangement 
 
2.2 Events that make Cable-stayed bridges vulnerable 
Vulnerability has been defined as the study of a structure’s strength and robustness 
against damage caused by hazards the structure is subject to (Yan and Chang, 2010). The 
understanding gained about cable-stayed bridges in the previous section helps to show 
that cable-stayed bridges can be very vulnerable to events that can lead to collapse.   
There has been a rise in the number of accidents caused by the breakage of cables on 
cable-supported bridges due to events such as corrosion, fatigue, traffic and explosions 
(Qiu, Jiang and Zhang, 2013). These damaging processes can take place suddenly or 
gradually depending on the triggering incidence, as discussed in the following sections.   
SETRA rightly pointed out that the dynamic response of the bridge is depended on the 
type of event that lead to the breakage of the stay cable such as vehicle collision, fire, 
corrosion etc. (SETRA, 2001; Ruiz-Teran and Aparicio, 2007).   (Ruiz-Teran and Aparicio, 
a) Single Plane System               b) Two plane System          c) Inclined plane System               d) Multiple Plane System 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 17  
 
2007).  This research is to help understand how different types of events that lead to cable 
loss and the time it takes for them to have a damaging effect on the cable helps give a 
better understanding of cable loss in the cable force.  The faster the cable to breaks the 
larger its dynamic response of the cable-stayed bridge (Ruiz-Teran and Aparicio, 2007).  
This section will focus on the sudden and gradual events that can lead to the loss of 
cable(s) on a cable-stayed bridge as wells the effect of the event on the history of the loss 
of the force in the cable. 
 Sudden Events 
Sudden events are events that occur quite rapidly.  Some sudden incidences in the past 
have affected cable-supported structures and most of these events occurred rapidly 
giving the user or engineer little or no time to take any appropriate remedial action  (Yan 
and Chang, 2009).  The abrupt loss of an important load carrying element can take place 
under terrorist attack with a high velocity impact and this scenario is therefore a valid 
consideration for cable-stayed bridge design (Zoli and Steinhouse, 2007). The 
subsequent sections offer an overview of sudden events that have affected cable-related 
structures or bridges in the past.   
2.2.1.1     Explosives  
A blast is a process in which energy is dispersed in a very short period of time which is 
termed an explosion.   
Explosives have been used for many years to decommission unwanted structures in a 
safe way but were adversely used during the World War II that resulted in the destruction 
of cities with great causalities (Agrawal and Yi, 2009).  During this war, cables attached 
to barrage balloons were used to deter low-level German aircraft attacks by damaging 
these aircrafts on collision with the cables.  On collision, the impact speeds of the aircrafts 
were not high enough to severe the cables thus the aircraft themselves were destroyed 
(Macmillan, 1949; Irvine, 1981).      
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Ammonium Nitrate Fuel Oil (ANFO) (a mixture of ammonium nitrate and organic fuel) 
and Urea Nitrate (a mixture of dissolved urea fertilizer with nitric acid) are commonly 
used explosives because the materials are cheap and readily available.  The urea nitrate 
does not require any special skill to mix together unlike the ANFO therefore making it 
easy for terrorist to obtain (NCTC, 2014). 
On a commercial scale and for military purposes Trinitrotolueme (TNT) is the most 
commonly used type of explosive.  Other types of explosives are the C-4, Triacetone-
Triperoxide (TATP). Hexamethlene Triperoxide Diamine (HMTD) (NCTC, 2014). 
As reported, explosives used on bridges have been hand placed at the cable anchorages, 
on the girder, at supports, at column bases and by the abutment all leading to destruction 
of these members and their surroundings.  Similarly, car/truck explosives have been 
widely used by leaving them on or under bridges (Williamson, Asce and Winget, 2005). 
 
During an explosion, impact of the explosive, missile penetration and the high velocity 
impact of exploded fragments causes the primary damage to the structure.  Furthermore, 
the blast waves are released at a very high pressure and in a very short period travelling 
through the surroundings in a uniform pattern until intercepted by a barrier.  This wave 
propagation is considered further in Section 0.  On bridges, the blast waves have been 
known to cause rapid shear resulting in membrane-like failure of the deck thus 
progressive collapse. (Winget, Marchand and Williamson, 2005) 
The tragic terrorist attack that took place on the 11th of September 2001, did seriously 
stir up the issue of structural safety of various public structures as well as bridges.  On 
the 12th of April, 2007 NBC News reported that a suicide truck bomb exploded on the Al-
Sarafiya Bridge, a major steel bridge in Baghdad, Iraq as shown in Figure 2-11, which led 
to 26 injuries and 10 deaths (NBC News, 2007). 
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Figure 2-11 – The Al-Sarafiya Bridge. A view after collapse due to a bomb blast. 
(Agit, 2007) 
Another bridge in Iraq received serious damaged due to a small amount of explosive that 
was placed at the piers of the bridge, causing the collapse of the pier as shown in Figure 
2-12 (Agrawal and Yi, 2009). 
 
 
Figure 2-12 – The Iraqi bridge damaged by explosives placed by a terrorist.  
(Agrawal and Yi, 2009) 
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2.2.1.1.1 Effect of explosive on cable force loss history 
Explosives have the ability to release large amounts of energy rapidly via the reaction of 
solid/ liquid /gaseous chemical releasing gases at a speed in the range of 5,000-8,000 m/s 
(Watson, 1998), causing the axial force to drop to zero over this very short period.   
The location of the bomb before detonation determines the effect it has on the bridge 
elements, when at ground level (surface blast) releases potential energy dilating through 
space just alongside the wave itself and if it hits any surface perpendicular to the direction 
of  the wave as the incident wave affects the back and side  of the bridge (Birhane, 2009).  
The factors highlighted to affect the bridge’s response to blast are: 
- Bridge geometry 
- Blast standoff  
- Location of blast  (Birhane, 2009)   
Therefore, detonation under the bridge was pointed out to be the most likely have a more 
severe effect when compared to the bomb been detonated on the bridge deck.  This is  due 
to the piers, abutment and underside of the deck causing the blast waves to reflect 
(Birhane, 2009).   
 
2.2.1.2     Accidental collisions  
Vehicles or aircraft can accidentally collide with the cables and piers of a cable-stayed 
bridge while vessels can also collide with the pylon or pier foundations of these bridges.  
The BBC reported the event of a US Military aircraft that struck the Cavalese Cable Car in 
Italy on February 3rd 1998, resulting in the death of 20 people (BBC, 1998).  
The VSL-Intrafor Magazine also reported that a runaway 1000 tonne crane barge struck 
3 or more stay cables of the Ching Chau Ming Jang Cable Stayed Bridge in Fuzhou, China 
during a hurricane in 2001.  Only three (3) strands were found to have ruptured in a 
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single 73 strand stay.  This event happened when the bridge was near completion and 
thus the cables were replaced with no difficulty (VSL, 2003).   
2.2.1.2.1 Effect of accidental collisions on cable force loss history 
 The event of losing a cable due to accidental collisions will depend on change of 
momentum of the object (impulse) colliding with the cable accidentally e.g. vehicle etc.  
the mass of the object, shape of the object or elasticity of the colliding objects. 
Previous research observed that prestressed concrete beams subjected to impact caused 
the prestressed tendons to break while under normal static load the compression 
concrete failed instead (Martin, 2007).   This implies that accidental collisions can lead to 
very dynamic effects on the cable-stayed bridge. 
2.2.1.3 Intentional Cutting of the Cable(s) 
It is interesting to mention that the likelihood of losing a cable to intentional interference 
is highly probable.   The cable can be cut using a disc cutter or any other sharp cutting 
device.  However, at present this is not a common event.  
2.2.1.3.1 Effect of intentional cutting of the cable on the cable loss time 
The speed of cutting the cables will influence the dynamic response of the cable-stayed 
bridge to the loss of the cable.  After the cables are cut they will flutter all over the place 
uncontrollably which is very dangerous.  The material properties of the cable cut do not 
change before and after the cables are cut however the axial force drops to zero.  
An example of the effect of the speed of cutting cable(s) can be seen in longest floating 
bridge which was demolished by cutting the tendons using a process which involved 
clamping wall saws onto the tendons and using cutting disc to cut the cables.  This process 
took less than three minutes per tendon (Cutting Edge Services Coporation, 2009) 
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 Gradual Events 
Even though the events classed as gradual do not happen as abruptly as those mentioned 
above in Section 2.2.1, they can also be catastrophic.  The gradual loss of a cable is usually 
caused by fire, large variation in stresses, abrasion or fretting fatigue of the cable and the 
lack of maintenance over a long period. Excessive corrosion of the cable connection or 
loosening of a cable before replacing it which weakens the cables may also lead to total 
failure (Kao and Kou, 2010; Mozos and Aparicio, 2011; Roura, 2011).  Some gradual 
events still lead to the cable losing its force over very short periods.   
2.2.2.1     Fire  
Fire events on bridges are chemical reactions caused by various rapid oxidation 
processes resulting in the evolution of light and heat in varying intensities. A fire is 
normally ignited by burning materials in the presence of oxygen wherein the heat, gases 
and flames are produced at a very high temperature.   
The ignition of a fire further ignites other materials causing a gradual rise in the 
temperature over a short time termed the growth period.  As the surrounding materials 
burn there is a rapid rise in the temperature of the gas produced during the growth 
period.  The growth rate of the fire is dependent on the combustibility and ignitability of 
the material burning, the spread of the flames, the rate of heat release, ventilations etc. 
(NIST, 2010; Milan and Dusica, 2011). 
As the fire grows, if there is sufficient fuel and good ventilation, then the fire will rapidly 
transit between being localised around the element first ignited to the other surrounding 
items.  This rapid spread is known as the flashover as shown in  
 
 
Figure 2-13  (Milan and Dusica, 2011).   In the absence of flashover, the fire will remain 
around the items first ignited.   
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The materials burning will begin to decompose thermally, during which the materials 
that are combustible among them will release volatile gasses at a rate which is dependent 
on the surface and content of these volatile materials (termed pyrolysis) and the type of 
enclosure in which the structure is located.  The combination of this gas ignition due to 
the pyrolysis and material results in a fully developed and intense fire termed the 
development stage wherein the temperature can reach over 1000°C  (NFPA 921, 2004; 
Wright et al., 2013). 
Fire events on bridges are more severe than those in enclosed structures as wind flow 
will make the fire spread and burn for a longer period.  As the materials burn and 
decompose and the fuel supply reduces the temperature of the fire reduces, a phase 
identified as the decay phase of the fire burning (NIST, 2010).    
 
 
 
 
 
 
 
Figure 2-13:   Temperature – time curve for an idealised fire. (adopted from (NIST, 2010)) 
 
However, fire on bridges causes hot gas to rise as a column which is known as a plume.  
The rise of the hot gas vertically will in turn draw cool air from all directions to the base 
of the fire as shown in  
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Figure 2-14.  The inflow of the cool air leads to a reduction in temperature as the height 
of the plume increases while air movement and sloping surface will aid and increase the 
spread of the fire (NFPA 921, 2004).  
 
 
 
 
 
Figure 2-14 – A Fire Fume in the Open  
(NFPA 921, 2004) 
Fire incidences on bridges are becoming frequent nowadays caused by lightning, collision 
of cars and trucks carrying fuel, etc.  There have also been various incidents of vehicles 
catching fire either under or on a bridge where the driver has thought it safest to park the 
vehicle right under/on the bridge.  Bridge fires are low-probability but high-consequence 
incidents. (Kodur, Gu and Garlock, 2010).  
The Britannia Tubular Bridge was opened in 1850 as a railway bridge to connect 
Anglesey and Caernarvonshire. The bridge structure  was made up of wrought iron tubes 
with a tarred coating on them to prevent corrosion (Hutchinson and Coates, 1970).  The 
tarred coatings on the tubes was highly flammable.   A small fire was ignited by a burning 
touch dropped by some boys on the 23rd of May 1970 that made the whole bridge burn.  
However, the bridge did not collapse but there was a great reduction in the structural 
integrity caused by the intensity of the heat.  The bridge had to be rebuilt and was 
replaced with an arched bridge. 
On the 5th January 2002 on the Birmingham Alabama overpass bridge, the driver of a fuel 
tanker truck carrying 9,900 gallons of diesel fuel avoided collision with a merging car and 
as a result collided with the pier of an overpass bridge crossing above the road.  The 
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overpass bridge is a three (3) span, simply supported, with two traffic lanes fabricated 
with a plate girder composite deck, The ensuing fire lasted for about 45 minutes leading 
to partial collapse of the bridge as shown in Figure 2-15 (Wright et al., 2013).  The NCHRP 
12- 85 reported that because of the fire, as the bridge materials heated up gradually so 
did their mechanical properties simultaneously reduce leading to the reduction in the 
strength and inability of the structure to withstand its own gravity load.  Yet, after the fire 
cooled down the deck did experience a sustainable recovery in the vertical deflection.  
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Figure 2-15  -  The Birmingham Alabama Overpass during and after a fire 
 (Wright et al., 2013). 
Another fire event was reported by the Engineering News-Record on the 2nd of July 2005 
leading to the temporary closure of the Rion-Antirion Bridge in Greece caused by freak 
horizontal lightning.  The lightning was said to have struck the top 250 mm diameter 
cable which set the high-density polyethylene and wax corrosion protection on fire.  The 
cable snapped after about one hour forty minutes in relation to the start of the fire.  The 
falling cable sparked a flame in the sleeve of the cable below it.  Fortunately, the structure 
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was designed to resist full load with up to two cables missing.  Similar cables were used 
on the Second Severn Bridge which survived intense heat from a burning truck (Reina, 
2005).   
Two years after the Rion-Antirion Bridge fire, a traffic collision involving two school 
busses and a truck transporting coconut caused a fire at deck level on the 17th of March 
2007 on the Mezcala Bridge in Mexico. This led to the failure of one stay cable and limited 
damage to an adjacent cable. The bridge was immediately closed to traffic and reopened 
to limited traffic prior to cable replacement (Zoli and Steinhouse, 2007). 
2.2.2.1.1 Effect on fire on cable force loss history 
The Second Severn Bridge which had a tank truck filled with hydrocarbons parked next 
to a cables when it caught fire led to the cable- tensile element loss their strength, cables 
filled with wax as grouts will burn faster (CEB-FIB, 2005).  The event of the loss of a cable 
to fire can take 2-3 hours leading to the cable losing its strength gradually as the yield 
strength and ductility reduces.   The failure of the cable however is gradual but the loss 
depends on how quickly stress in the cable reaches the Ultimate Tensile Strength thus 
failure. 
Normally, a fire near a cable is thought to not affect more than only the cable close by the 
truck on fire but if the bridge has a set of closely spaced cables more than one cable will 
be affected.   
 
2.2.2.2 Corrosion, fretting and fatigue of the cables  
Corrosion is defined as the destructive attack of a material through a chemical reaction 
with its environment.  Corrosion of cables is usually highly concentrated at the anchorage 
of the cable as shown in Figure 2-16 (Hamilton III, Breen and Frank, 1995). 
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Figure 2-16:  A photograph showing a corroded cable at its anchorage. 
 (Hamilton III, Breen and Frank, 1995) 
Fretting fatigue is a corrosion-related phenomenon that can affect pre-stressing 
strand/wires used in post-tensioned applications. Fretting fatigue is an extension of 
fretting corrosion that occurs at the contact area between two materials under load with 
relative motion between the two surfaces.  This motion must be sufficient to produce 
deformation/slip which will lead to wear and corrosion in the presence of oxygen and 
resulting in progressive cracking under cyclic loading (fatigue) (Hamilton III, Breen and 
Frank, 1995). 
The Haiyn Bridge, which is a suspension bridge constructed in 1995, had one of its stays 
break due to corrosion.  The broken stay hit an oil truck which lead to the death of two  
men (Qiu, Jiang and Huang, 2014).  One year after, the Zarate-Largo Bridge in Argentina 
experienced total failure of a stay due to a combination of fatigue and corrosion (Mozos& 
Aparicio, 2011).   
Some years later, The Yibin South Gate Bridge, which is a steel reinforced concrete rib 
arch bridge, having a central span of 180 m, and a fabricated deck experienced a boom 
fracture of four cables on the 7th of November 2001 at 4:00am.  These fractures were 
found to be due to corrosion and fretting fatigue.  This fracture lead to 10 metres of the 
northern end and 20 metre of the southern end of the deck to collapse as shown in Figure 
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2-17 hereby interrupting traffic and communications systems (Guio, 2013; Qiu, Jiang and 
Huang, 2014)   
 
Figure 2-17 – The Yibin South Gate Bridges partial collapse. 
 (Guio, 2013) 
Another example is the Penang cable-stayed bridge which is one of the longest bridges in 
the world at 13.5 kilometres which fulfils a vital role for business and leisure traffic. It 
comprises of a cable-stayed main span of 225 metres that experienced corrosion, fretting 
and fatigue of its cables and over 530 spans of approach viaducts. This cable-stayed 
bridge was completed in 1985 and re-assessed by Atkins in 2004.  During assessment, it 
was discovered that the cables on this bridges were lost due to poor fatigue performance,  
irreplaceable anchorages, exposure of the outer casings and ducts in the anchorage zone 
leading to corrosion, poor bonding of grout and steel bars, low tensile strength of cables 
and bars, high cable static loads and the breakage of couplers (Sandberg and Hendy, 
2010). 
A study on the effects of corrosion on the cables on a cable-stayed bridge, via their 
mechanical properties, showed that there is a decrease in the yield load, ultimate load 
and ultimate strain of the corroded wires due to the increase in the extent of the corrosion 
while the yield strain was not affected (Xu and Chen, 2013). 
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2.2.2.2.1 Effect of corrosion on cable force loss history 
 The duration of loud bang noise of the cable as it lost due to corrosion is used to 
determine time taken for cable force to drop off to zero.  Even though corrosion is a 
gradual event that happens over a long period of time, it leads to a sudden loss of the 
cable hereby making the cable-stayed bridges to respond dynamically 
Also, corrosion of a cable leads to the loss of the strength in the cable over time because 
corrosion will cause the strands of the stay to break gradually and not an instantaneous 
loss of the whole cable.  Therefore, the stress redistribution to the remaining cables will 
have started from the onset of individual loss of strands in the stay and the final break off 
the cable (loss of last strand) will lead to failure. 
2.2.2.3   Maintenance and de-tensioning of cables  
Recent cable-stayed bridges have adopted the use of parallel wire cables which allows 
strand by strand replacement therefore not needing the cable to be totally removed. 
However, the older cable-stayed bridges still have other types of cables on them which 
cannot be replaced strand by strand and therefore require the cable to be totally replaced. 
 
Interestingly, it is possible to experience cable breakage at multiple locations along the 
same wire due to the recovery length of the cable which is deﬁned as the length of the 
wire taking up its full share of the axial load from the break point.  The detection of 
broken-wire ﬂaws at multiple locations along the same wire has been investigated using 
guided waves below 400 kHz (Xu, Wu and Sun, 2013).    
Recently, in November 2011 at around 4:30pm (a peak period), a cable supported bridge 
in Indonesia named the Indonesia’s Golden Gate Bridge collapsed very quickly within 
30seconds, hurling a number of cars that crossing the bridge into the river, leaving 11 
people dead.  This cable supported suspension bridge of 750 m span was completed in 
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1999.  The collapse occurred during the maintenance and re-tensioning of the hangers 
with one lane closed. 
The steel support cable of the Indonesia Bridge was said to have snapped while workers 
where repairing it (Telegraph, 2011).  Although, the New Civil Engineer magazine reports 
that hangers are normally designed in such a way that they require maintenance after 25-
30 years, this 10-year-old bridge hanger had to be repaired after a relatively short time 
after construction.  It is however suspected that the failure may be due to fatigue and 
corrosion of the connections between the hangers and the truss due to the inaccessibility 
of the anchorage considering the layout of the truss deck (Lynch, 2011). The picture 
(Figure 2-18) below shows the remains of the bridge after the collapse. 
 
Figure 2-18:  The remains of Kuai Kertanegara bridge. 
( Telegraph, 2011). 
In conclusion, the events that lead to the partial or total collapse of cable-supported 
structures have been discussed to understand the extent of the vulnerability of these 
structures to estimate the effect of these events on cable-stayed bridges. 
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2.2.2.3.1 Effect maintenance and de-tensioning of cables on cable force loss 
history 
 The loss of a cable while de-tensioning which will be a gradual process will have less 
dynamic effect on the cable-stayed bridge.  The cable can be lost over a time greater than 
the natural period of the bridge to reduce the dynamic effect (Ruiz-Teran and Aparicio, 
2009). 
The (CEB-FIB, 2005), states that the stay cables for bridges should be made replaceable 
one or more at a time.  A check should be carried out if the cable(s) replacement can be 
done under full, reduced or no load.    
2.3 Effect of extreme events on cable-stayed bridges 
As discussed in Section 2.2, extreme events can have very severe effects on bridges, the 
users and the environment.  These extreme events induced accidental loads on the 
bridges hereby leading to both global and local effects, as discussed below. 
   Global Effects 
The loss of major components of a structure in the past has either led to progressive 
collapse of the structure or has affected the usability efficiency of the structure, both of 
which affect the cable-stayed bridge.  
Also, because the vibration period of the cable-stayed bridge is small therefore making 
events with large breakage time to have less effect on the bridges response.  An 
instantaneous brakeage is said to give the worst scenario making the bridge experience 
forced vibrations during the event leading to the loss  (Ruiz-Teran and Aparicio, 2007).  
The shorter the time of the event the greater the dynamic effect it will have on the bridge. 
 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 33  
 
2.3.1.1    Progressive collapse 
According to the General Services Administration (GSA, 2003)"Progressive collapse is a 
situation where local failure of a primary structural component leads to the collapse of 
adjoining members which, in turn, leads to additional collapse. Hence, the total collapse 
is disproportionate to the original cause." (GSA, 2003).  On the other hand, the United 
Facilities Criteria-Department of Defence, USA states that "Progressive collapse is a chain 
reaction failure of building members to an extent disproportionate to the original 
localised damage" (UFC, 2009). 
Since the early 1970’s, many building codes have integrated progressive collapse into 
their guidance which can be attributed back to the Ronan Point collapse in England, in 
1968 (Zoli and Woodward, 2005).  It is important to note that even though there have 
been several historical failures of bridge members leading to progressive collapse there 
has been no parallel development in giving appropriate guidance against progressive 
collapse in bridge codes. 
According to Starossek (2006b), the initial loss of a cable will initiate the loss of 
compression in the bridge girder of a cable-stayed bridge.  The loss of bracing on the 
girder leads to an increase in vertical deflections and thus inducing high stresses in the 
longitudinal girder lying in the plane of the cable loss which then transmits to the 
longitudinal girder of the other plan of the cables.  He termed this pattern of collapse: 
Instability –type collapse (Starossek, 2006b).   
The instability-type collapse is initiated by small perturbations such as imperfections and 
transverse loading, leading to the failure of elements that stabilise load carrying elements 
in compression such as bracing.  This then results in instability of the previously 
stabilised compression elements and they experience large deformations or collapse 
initiating failure progression of other elements (Starossek, 2007). 
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Furthermore, the loss of the other elements causes the bridge deck failure which initiates 
a redirection of the normal forces in the bridge deck induced by the horizontal cable 
forces.  These forces are further transferred to the pylons by the other cables in the main 
span.  The pylon is then pulled towards the main span leading to failure in bending and 
an overturning of the pylon and cable; a failure patterned named domino-type collapse  
(Wolff and Starossek, 2009). 
The domino type of collapse gets its name from a collapse behaviour like a row of domino 
that exhibits a fascinating chain reaction of collapse initiated by the push of a finger.  As 
the initial element overturns it transforms potential energy to kinetic energy and makes 
a lateral impact on the upper edge of the adjacent element.  The impact of the initial 
element on the adjacent one caused by the tilting and overturning of the first element 
induces a horizontal pushing force.  This adjacent element then also overturns due to the 
loading from the initial element that impacted it causing a collapse progression in the 
overturning direction (Starossek, 2007). 
Finally, the loss of the cable(s) leads to overloading of the adjacent cables, and then the 
load carried by these adjacent cables will be re-distributed to other nearby cables termed 
unzipping which causes a zipper pattern of progressive collapse.  Concrete bridge decks 
and segmental/ non-continuous bridges decks do not experience this type of collapse 
pattern (Wolff and Starossek, 2008).   Zipper-type collapse is initiated by the failure of 
one or more tension elements which then redistribute the forces carried by the failed 
elements to the remaining structure.  The sudden failure induces an impulsive load and 
the remaining structure responds in a dynamic way, leading to stress concentrations in 
the next elements along the direction transverse to the principal forces in the elements.  
(Starossek, 2007). 
To design a structure against progressive collapse, the alternate load paths approach, 
compartmentalisation, local resistance approach and indirect design are the 
recommended methods (GSA, 2003; UFC, 2009; Ellingwood, 2011).  However, there are 
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no guidelines against progressive collapse for bridges but guidelines for buildings have 
been adopted in related research studies (Starossek, 2006a). 
2.3.1.2   Reduced serviceability 
When designing a structure to limit state conditions, the event of losing a cable is 
governed by the Ultimate Limit State design while effects such as deflection, cracking, 
creep, shrinkage etc. are related to the serviceability of the structure.   
The loss of a major element may not lead to the collapse of the bridge but can lead to 
slacking of the cables and thus large deflections in the deck or large vibrations in the deck 
(Wolff and Starossek, 2008, 2009).  This invariably reduces the comfort of the bridge 
users.   
Finally, when extreme events lead to the loss of a cable, serviceability is no longer an 
issue.   The major concern in accidental design for cable-stayed bridges is the stability 
and safety of the bridge which is based on ultimate limit design. 
   Effects on individual members of the cable-stayed bridge 
Apart from the global response of a cable-stayed bridge to extreme events, these events 
may also have significant localised effects on the elements of the bridge.   
The loss of a cable in a cable-stayed bridge leads to an increase in the forces for the 
adjacent cables.  This can lead to further overloading of the remaining cables and yielding 
failure which should be prevented (Wolff and Starossek, 2009; Kao and Kou, 2010).  
Furthermore, the dynamic effect on the entire bridge of the loss of a stay is not negligible 
(Mozos& Aparicio 2010b). 
Cables are highly susceptible to damage because their cross sectional areas are relatively 
small and are easily accessible (Starossek, 2006b; Roura, 2011).  The fracture of a cable 
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creates a critical loading scenario which sometimes governs the design of the cable-
stayed bridge leading to an increase in cost (Khan, 2010). 
When a cable fails the deck can experience vertical displacement, vibration, and flexural/ 
buckling at the location of the lost cable (Zoli and Steinhouse, 2007).  If breakage of the 
cable occurs at different locations, then the deck may experience vertical deformations 
causing varying uplifts along the deck. These varying uplifts of the girder can be used to 
detect which cables in an existing cable-stayed bridge have broken (Kao and Kou, 2010). 
In decks with twin cable planes, cable loss along one plane introduces eccentricity in the 
deck supports, leading to large deflections and with the live loads present is a potential 
cause of instability (Khan, 2010).   
The response of the deck also depends on the stiffness of the deck, where the stiffer the 
deck is the more the increase in stresses over its ultimate strength value is expected to 
be (Roura, 2011).  Besides, the loss of a cable will lead to the loss of compression in the 
deck thus, reduction of bracing and therefore increase in the risk of buckling (Wolff and 
Starossek, 2009; Khan, 2010).   
In the event of a cable loss, the accidental load induced in the surrounding cables excites 
the pylon.  Also the behaviour of the adjacent cable induces irregular forces in the pylon 
which are made up of redistributed loads from the failed cable and the inertia forces from 
the vibrating bridge deck (Wolff and Starossek, 2009). 
The loss of a cable in the back stays of a cable-stayed bridge causes overstressing of the 
main span cables which will pull the pylon towards the main span thus bending the pylon 
(Zoli and Steinhouse, 2007; Mozos and A.C. Aparicio, 2010).  According to Kao & Kou’s 
experiment, when the outermost cable on the side spans was lost the top of the pylon 
experienced 33% increase in horizontal displacement (Kao and Kou, 2010).    
On the other hand, in the anchorage, Lonetti & Pascuzzo (2014) observed the worst 
damage scenario for a cable-stayed bridge to be the failure of the back anchor stay, which 
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in turn produces displacements of the girder, which are much larger than the 
corresponding ones commonly recommended by serviceability limit state requirements 
(Lonetti and Pascuzzo, 2014).  The loss of a cable will increase the stress at both the cable 
to deck anchorage and the cable to pylon anchorage for the remaining cables.  Research 
on an unconventional cable-stayed bridge noted that the rupture of a tendon or a stay 
causes a dynamic load of varying magnitude on the anchorage of the stay during the 
rupture time (Mozos& Aparicio 2011).  There is limited research in the literature focusing 
on the effect of the loss of a cable on the anchorage zone. 
For the failure of the suspenders on an arch bridge the uneven distribution of stress, 
corrosion and other reasons can lead to the increase in cable tension in individual 
suspenders of the arch bridge.  When in excess, the structural tensile capacity will reduce 
leading to sudden failure of the suspenders (Li et al., 2014).   
The pylons are not as susceptible to sudden loss as the stays since they have a larger 
cross-sectional area, but they are the only member that is part of both the substructure 
and superstructure and they are prone to ship collision and blast from terrorist attack.  A 
number of research investigations have been carried out to consider the effect of blast on 
the pylons of cable-stayed bridges (Winget, Marchand and Williamson, 2005; Deng and 
Jin, 2009; Hao and Tang, 2010; Tang and Hao, 2010; Yan and Chang, 2010; Son and Lee, 
2011; Williams and Williamson, 2011, 2012). 
Now, information about determination of the blast load for blast-resistant design of 
bridges is limited, while there is more information on buildings given in several codes 
and standards.  Thus, further development and research is required in this area. 
2.4 Guidelines for extreme events on Cable-stayed Brides  
There have been several guidelines that have considered some extreme events 
particularly in relation to cable-stayed bridges such as for cable loss, blast events and fire 
events. 
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 Guidelines for Cable(s) Loss  
The loss of a cable in cable-supported structures has been incorporated into a number of 
guidelines over the years, even though the guidance given is limited.  The American Post 
Tensioning Institute (PTI) Guideline, Eurocode 3 and Eurocode 1-7 as well as the French 
Guideline Service d’Etudes Techniques des Routes et Autoroutes (SETRA) recommend 
different approaches on the design for the loss of a cable.  
2.4.1.1    Post Tensioning Institute (PTI) Guideline 
The PTI D-45.1-12 2012 states that “The impact dynamic force resulting from the sudden 
rupture of a cable shall be 2.0 times the static force in the cable, or the force as determined 
by non-linear dynamic analysis of a sudden cable rupture, but in no case less than 1.5 times 
the static force in the cable. This force shall be applied at both the top and bottom anchorage 
locations.” (PTI D-45.1-12, 2012). 
The load case recommended is shown in Equation 2-1 
 
1.1DC + 1.35 DW + 0.75(LL**+IM) + 1.1 CLDF 2-1 
where: 
DC = dead load of structural components and non-structural attachments 
DW = dead load of wearing surfaces and utilities 
LL = full vehicular live load placed in actual striped lanes 
IM = vehicular dynamic load allowance 
CLDF = impact force due to cable failure  
Note: If a non-linear dynamic analysis is used, the dynamic model should be initialised with 
full permanent load and live load condition for the bridge  (PTI D-45.1-12, 2012). 
 
2.4.1.2  Eurocode 3 
Eurocode 3 states that “for the replacement and loss of tension components: 
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(1) The replacement of at least one tension component should be taken into account in 
the design as a transient design situation. 
(2) Where required, a sudden loss of any one tension component should be taken into 
account in the design as an accidental design situation.” 
 
The accidental load combination according to Eurocode for basic structural design is 
as shown in Equation 2-2: 
Ed= 𝐸 {∑ 𝐺(𝑘,𝑗) + "P" + "𝐴𝑑+𝜓1,1 or 𝜓2,1𝑄(𝑘,𝑙) + " ∑ 𝜓𝑖,𝑗 𝑄(𝑖,𝑗)} 𝑗 ≥ 1; 𝑖 > 1 
2-2 
where 
G(k,j) =Characteristic value of permanent action j,  
P =   Prestress actions,  
Ad = Design value of accidental actions,  
Q(k,j)  = Characteristic value of variable action j 
Ψ1,1- = combination factor for frequent action 
Ψ2,1  = combination factor for quasi-static action 
Ψ1,j =  = combination factor for accompanying action 
I, j = actions 
Note: In the absence of a rigorous analysis, the dynamic effect of a sudden removal 
may conservatively be allowed for by using the additional action effect Ed as shown 
in Equation 2-3 
 𝐸𝑑 = 𝑘(𝐸𝑑1 −  𝐸𝑑2) 2-3 
where k = 1.5 
Ed1 represents the design effects with all cables intact. 
Ed2 represents the design effects with the relevant cable removed.” (EC3, 2006) 
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2.4.1.3   Eurocode 1 Part 1.7 
Eurocode 1 Part 1.7 states that 2 is an upper bound value for the dynamic amplification 
factor when the structure responds elastically and the load is suddenly applied (EC1.7, 
2006). 
2.4.1.4   Service d’Etudes Techniques des Routes et Autoroutes (SETRA), France 
2001 
SETRA’s guidelines recommend that accidental breakage of a stay cable should be 
considered. An equivalent static calculation must therefore be carried out, considering a 
dynamic amplification factor of between 1.5 and 2.0 (SETRA, 2001). These 
recommendations state that the dynamic amplification factor will depend on the origin 
of the breakage and on the structure. They note that 2.0 is a maximum value that 
corresponds to the sudden breakage of the whole stay cable section. Hence, taking into 
consideration that a whole stay cable section breakage is improbable, when compared to 
the occurrence of a partial breakage, they consequently recommend the standard use of 
a value of 1.5 (SETRA, 2001).  
2.4.1.5 Federation International de Beton (FIB), 2005, Switzerland 
The FBI states that “The failure of one single stay cable should not lead to immediate 
failure of the entire cable-stayed structure.”     The FIB guideline also recommends that 
the use of multiple parallel tensile elements is preferred to cables consisting of a single 
tensile element (CEB-FIB, 2005).  
2.4.1.6 Conclusion on guidelines for cable loss 
According to (Ruiz-Teran and Aparicio, 2007) “all the guidelines limit the dynamic 
amplification factors to an upper bound of 2, since this is the maximum value for one 
degree of freedom systems under abrupt load application”.   (Ruiz-Teran and Aparicio, 
2007) further noted that the value of 2 is always true only for an undamped system with 
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a single degree of freedom.    For structures that have multiple degrees of freedom leading 
to more mode shapes the dynamic amplification factors might be more than 2. 
 
   Guidelines for Blast Loading leading to cable loss  
There are a number of manuals, codes and guidelines to evaluate the response of 
structures during blast and help design blast resistant buildings such as the Eurocode 
Part 1-7, National Institute of Standards and Technology Draft Manual 2010,  Progressive 
collapse analysis and design guidelines for new federal office buildings and major 
modernisation projects and many more (GSA, 2003; EC1.7, 2006; NIST, 2010). 
  
Although none of these manuals address the issue of blast load effects on cable-stayed  
bridges in particular, they provide a range of structural data and design procedures that 
are useful for designers and which have applicability to the design of blast-resistant 
structures (Agrawal and Yi, 2009).  
 
Eurocode 1-7, Section 5 only deals with internal explosions as stated below:  
“(1) P Explosions shall be taken into account in the design of all parts of the building and other 
civil engineering works where gas is burned or regulated, or where explosive material such as 
explosive gases, or liquids forming explosive vapour or gas is stored or transported (e.g. 
chemical facilities, vessels, bunkers, sewage constructions, dwellings with gas installations, 
energy ducts, road and rail tunnels).  
(2) Effects due to explosives are outside the scope of this part.  
(3) The influence on the magnitude of an explosion of cascade effects from several connected 
rooms filled with explosive dust, gas or vapour is also not covered in this part.  
(3) This section defines actions due to internal explosions. 
 
While Eurocode 1-7, Section 5.3 states that: 
(8) After the first positive phase of the explosion with an overpressure, a second phase follows 
with an under-pressure. This effect should be considered in the design where relevant.  
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NOTE:   Assistance by specialists is recommended.” 
 
Finally, another guideline that discusses blast is the  NCHRP Report 2010 covers a simplified 
design procedure for reinforced concrete bridge columns to  be blast resistant using a code-ready 
language with a simplified design guideline which are compared to experimental results to 
determine the effectiveness of this method  (NCHRP 645, 2010) 
   Guidelines for Fire Loading leading to cable loss 
Fire loading had been recommended by some international standards and national 
building regulations, such as British Standards, American Standards and European 
Standard, National Fire Protection Agency, International Building Code etc.  However, 
these codes tend to analyse the effect of fire on buildings.   
The BS EN 1991-2:2002 gives a guideline on fire but only in relation to buildings:  
 (1) A structural fire design analysis should take into account the following steps as relevant:  
• selection of the relevant design fire scenarios;  
• determination of the corresponding design fires;  
• calculation of temperature evolution within the structural members;  
• Calculation of the mechanical behaviour of the structure exposed to fire.  
NOTE Mechanical behaviour of a structure is depending on thermal actions and their thermal effect 
on material properties and indirect mechanical actions, as well as on the direct effect of mechanical 
actions.  
(2) Structural fire design involves applying actions for temperature analysis and actions for 
mechanical analysis according to this Part and other Parts of EN 1991.  
(3) P Actions on structures from fire exposure are classified as accidental actions. 
Likewise, the value of the fire temperature in relation to time is given for different types 
of fire.  Firstly, the standard fire represents the fully developed compartment fire with a 
temperature as shown in Equation 2-4. 
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𝜃𝑔 = 20 + 345𝑙𝑜𝑔10(8𝑡 + 1).   2-4 
 
External fire represents the outside of external walls which can be exposed to fire from 
different parts of the facade given a temperature as shown in Equation 2-5. 
𝜃𝑔 = 660(1 − 0.687𝑒
−0.32𝑡 − 0.313𝑒−3.8𝑡) + 20.   2-5 
Finally, a hydrocarbon fire stands for a fire with hydrocarbon for liquid fuel with 
temperature as shown in Equation 2-6 
𝜃𝑔 = 18080(1 − 0.325𝑒
−0.167𝑡 − 0.675𝑒−2.5𝑡) + 20  2-6 
 
where θg is the gas temperature near the member and t is the time. 
Finally, the Eurocode also gives the verification of fire resistance for structural members 
either by comparing the time, strength or temperature as shown in the equations 2-7, 2-8 
and 2-9 below: 
a. Time domain 
𝑡𝑓𝑖,𝑑  ≥  𝑡𝑓,𝑟𝑒𝑞𝑢 2-7 
 
b. Strength domain 
 𝑅𝑓𝑖,𝑑,.𝑡  ≥  𝐸𝑓𝑖,𝑑.𝑡 2-8 
 
c. Temperature domain 
 𝜃𝑑 =  𝜃𝑐𝑟,𝑑 2-9 
 
where 
tfi,d is the design value of the fire resistance 
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tfi,requ is the required fire resistance time  
Rfi,d.t is the design value of the resistance of the member in the fire situation at time t 
Efi,d.t  is the design value of the relevant effects of actions in the fire situation at time t 
θd is the design value of material temperature 
θcr,d is the design value of the critical material temperature.(EN 1991-1-2, 2002) 
 
 
2.5 Analysis and Design of Cable-stayed Bridges for the loss of a 
cable(s) 
Analysis of a structure exposed to accidental actions which are dynamic in nature can be 
carried out using either static or dynamic analysis.   
Static analysis does not take the effect of time into consideration.  Quasi-static Analysis is 
a type of static analysis that accounts for the loss of a cable by amplification of either the 
action or effect on the structure by an approximate value known as the Dynamic 
Amplification Factor which quantifies the effect of the accidental load on the structure.  
While the dynamic analysis explicitly takes time into consideration, see Section 2.5.1.2  
for a detailed overview. 
The analysis of cable-stayed bridges is more complicated than other conventional bridges 
due to their size and material nonlinear and geometric nonlinear structural behaviour 
(Kao and Kou, 2010).  The geometric nonlinearity of a cable-stayed bridge is exhibited in 
the cable-sag effect, the beam column effect and by large deflections while the material 
nonlinearity is exhibited in the inelastic behaviour of materials or when the elastic limit 
of the material is exceeded under extreme loads.  A cable-stayed bridge response to 
increased loading is quite different from that of a conventional structure, as the stiffness 
of the cable increases with load increase as shown in Figure 2-19 (Nazmy and Abdel-
Ghaffar, no date; Nazmy, 1990; Saini, 2007). 
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Figure 2-19:  Response of cable-stayed bridges.  
 (Saini, 2007) 
An energy approach can be used to analyse cable-stayed bridges and take into 
consideration the nonlinearities by developing an energy equation for the potential 
energy and work done by the external loads on the whole bridge (Kuang and Xi, 2000). 
Also the energy method has been used with an incremental iteration approach, also 
taking into consideration the torsion effect for a two and three- dimensional double-cable 
plane cable-stayed bridge (Hegab, 1986, 1987, 1988).  Furthermore, the stiffness method 
can be used to undertake a static analysis taking into consideration the nonlinear 
behaviour of the cable-stays  (Podolny and Scalzi, 1976). Moreover, the nonlinear finite 
element method of static analysis of a three-dimensional cable-stayed bridge has been 
used using a load incremental iteration and the tangent stiffness matrix of the structure, 
allowing for all potential nonlinear behaviour effects (Nazmy, 1990). 
Even though methodologies which take into consideration the effect of the loss of a cable 
are limited, designers have to design a cable-stayed bridge to be able to accommodate the 
loss of a cable.  Cable loss and replacement are being considered for the bridges designed 
at present.  An example is the Taney bridge for which  three (3) cable-out scenarios were 
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considered, namely: the moment of impact, immediately after impact  (Any two adjacent 
cable stays in the same line assumed to be ruptured for both scenarios) and cable 
replacement (O’Donovan, Wilson and Dempsey, 2003). 
An investigation showed that material non-linearity did not lead to progressive collapse 
when one cable was lost but geometric nonlinearity had a significant effect during the 
loss of a cable  (Zhou and Chen, 2014). 
   Quasi-Static Analysis for cable loss 
Research work on strain energy and dynamic amplification factors defines a Dynamic 
Amplification Factor (DAF) as the dimensionless ratio of the dynamic to the static 
response of a structure when it is subjected to dynamic loading (Mozos& Aparicio 2009). 
Apart from the fact that the use of a dynamic amplification factor for cable loss analysis 
is easy, it saves analysis and design time and can be used for the preliminary analysis of 
a bridge, however, it often leads to excessively conservative designs that affects the 
economy and slenderness of the bridge (Park, Koh and Choo, 2008) which does not reflect 
structural geometry consistence with second order / stability analysis for the cable loss 
event (Zoli and Woodward, 2005). 
Finally, cable-stayed bridges carry static load that has a relatively small zone of influence; 
however, a dynamic load produces effects on sections located far away from the applied 
dynamic input. Thus, using the same DAF for all of the cross sections and elements of the 
cable-stayed bridge is not logical (Mozos& Aparicio 2010a). 
Dynamic amplification factors have been obtained for the effect of traffic live load on road 
and rail bridges using the span, geometry, velocity of the vehicle, roughness of deck 
surface, boundary conditions, and vibration frequency of various types of cable-
supported bridges.  These dynamic amplification factors are now also used to estimate 
the effect of the accidental loss of a cable on the cable-supported structure (Ruiz-Teran 
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and Aparicio, 2007).  The use of the DAF for obtaining the response of the bridge to the 
loss of a cable is sometimes termed the pseudo-dynamic method (Ruiz-Teran and 
Aparicio, 2009) or the quasi-static method.    
A study concluded that the maximum DAF is equal to 1.8 for critical sections of a cable-
stayed  bridge (Hyttinen, Vlimaki and Jvenp, 1994) while others claimed that the DAF of 
2.0 is the maximum DAF for Single Degree of Freedom Systems (SDOF) where its mass is 
only allowed to move in one direction which is now a method adopted for cable-stayed 
bridges which are Multiple Degree of Freedom (MDOF) systems (Ruiz-Teran& Aparicio 
2009; Mozos & Aparicio 2009; Mozos & Aparic io 2011).  
The most recent research on the DAF associated with the loss of cables in cable-supported 
bridges considered the effect of the loss of a cable during the presence of moving traffic 
load on the bridge, adopting a damage mechanism.  This research showed that the DAFs 
strongly depend on the moving system speeds and the mass distribution.  A hybrid cable 
- suspension bridge was analysed for the effect of the breakage of a stay hanger. The 
results showed that the failure of the lateral anchor stay produced DAF values between 
2.5 – 3.5 for the vertical midspan displacement, 1.3–2.8 for midspan torsional rotation, 
and 1.9–2.3 for the anchor stay axial stress (Greco, Lonetti and Pascuzzo, 2013).   
Regarding the effect of the pylon type, research showed that the H-shaped tower 
produced an unbalanced distribution of internal stresses in the cable system causing 
large torsional rotations and vertical displacements of the tower and girder considerably 
higher than the bridge with the A-shaped tower (Greco, Lonetti and Pascuzzo, 2013). 
Similar research on the effect of the sudden loss of hangers on a suspension bridge 
resulted in a DAF of 2.2 for the tension produced in the hangers adjacent to the lost one 
while the ones far away from the broken hanger showed little effect (Qiu, Jiang and 
Huang, 2014). 
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2.5.1.1  Recommended Procedure for Quasi-Static Analysis. 
There is a variation in the methodology recommended by the guidelines discussed in 
Section 2.3.2.  The PTI recommends the cable loss to be represented as an action of 2 
times the force in the cable in the opposite direction to the normal cable force pull while 
the Eurocode recommends the cable loss as an effect modification.  Eurocode 3 states that 
the difference of the effects obtained with the cable intact and the effects when the cable 
is lost is to be amplified by a factor of 1.5.   
 
2.5.1.2  Determination of the DAF 
Most engineers have adopted the PTI Recommendations when calculating the DAF for the 
loss of a cable in cable-supported structures.  Hyttinen, Vlimaki, & Jvenp proposed a 
method of combining the full cable loss load combination with the full as-built load 
combination to separate the cable impact effect from the dead and live load forces 
(Hyttinen, Vlimaki and Jvenp, 1994). 
Zoli & Woodward, 2005 carried out a static analysis approach on a cable supported arch 
bridge according to PTI Recommendations by removing a cable and applying the force 
from the cable to the joints where the cable was connected to the deck and the arch in 
opposite directions which models the abrupt loss of the cable.   
Alternatively, it is suggested that the results of the as-built structure under dead and live 
loads could be superimposed with the load case of twice the cable force in the opposite 
direction, one unit of the cable force removes the cable by superposition and an additional 
unit of the cable force is the assumed equivalent dynamic impact factor of 100% (Zoli and 
Woodward, 2005). 
Wolff & Starossek suggests the expression presented in Equation 2-10 below to obtain 
the DAF for the response of a cable-stayed bridge: 
𝑫𝑨𝑭 =
𝑺𝒅𝒚𝒏 −  𝑺𝒐
𝑺𝒔𝒕𝒂𝒕 − 𝑺𝒐
 2-10 
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where 
Sdyn =   extreme dynamic responses in time  
Sstat = the responses to the static removal of a cable 
S0  =    the responses in the initial state 
 (Wolff and Starossek, 2008) 
On the other hand, Mozos & Aparicio suggest the expression presented in Equation 2-11 
below to determine the DAF for the bending effect caused by the loss of a cable in a cable 
stayed bridge. 
𝑫. 𝑨. 𝑭 =
𝑴𝑨𝑼𝑳𝑺𝒅𝒚𝒏 −  𝑴𝒐
𝑴 𝒘
𝒐𝒔
− 𝑴𝒐
 
 
2-11 
where 
M0 =      static bending moment with the stay before its failure,  
Mw/o s=      static bending moment without the stay, with the load combination of Accidental ULS.  
MAULSdyn =  dynamic bending moments produced by the rupture of the stay along the first 20 s of 
movement and their envelopes  
(Mozos& Aparicio, 2010b). 
 
 Dynamic Analysis for cable loss  
If a cable breaks the decrease in tension capacity of the cable-stayed bridge will cause the 
bridge to respond dynamically.  Accelerations are induced and a new equilibrium position 
will be reached when the oscillations dampen out.  Therefore a dynamic analysis is 
required to adequately represent the loss of a member (Ruiz-Teran and Aparicio, 2009).    
   Properties and Response of Materials to accidental loss of cable(s) 
Materials respond differently under varying loading conditions especially to the 
accidental loss of cable(s). the elastic and plastic properties of the steel, concrete and 
cable are altered when subject to extreme event such as blast and fire. 
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2.5.3.1    Elastic Properties  
The elastic properties of a member material describe reversible changes of a material to 
when a load is applied to the member.   Figure 2-30 shows a cylinder subjected to axial 
tensile force, F which induces strain in the cylinder by causing the cylinder to stretch in 
relation to its original length and hereby imposing stress on its cross-sectional area.  
 
 
 
Figure 2-20:  Elastic Response of a cylinder to load. 
Therefore, the material property that indicates the measure of elongation of a material 
when subject to force as long as the original length can be fully recovered is known as the 
Elastic Modulus /Young Modulus or Modulus of elasticity as shown in Equation 2-12.  It 
is a measure of material stiffness  (Euleri, 1727). 
 
𝐸 =  
𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠
𝑠𝑡𝑟𝑎𝑖𝑛
=  
𝜎
𝜀
=  
𝐹
𝐴⁄
∆𝐿
𝐿⁄
=  
𝐹𝐿
𝐴∆𝐿
                                  2-12 
 
where         E is the Young's modulus (modulus of elasticity), 
F is the force exerted on an object under tension; 
A0 is the original cross-sectional area through which the force is applied; 
ΔL is the amount by which the length of the object changes; 
L0 is the original length of the object. 
When the element is stretched within its elastic limits in one direction the perpendicular 
directions will change in dimension.  To account for this dimensional change, the ratio of 
the compressive effect (negative) of the transverse strain (contraction strain) to the 
L          ΔL 
F 
STRESS = F/A 
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strain in the direction of the applied load (axial/longitudinal strain) is termed Poisson’s 
ratio shown in Figure 2-21 (Euleri, 1727) 
Poisson’s ratio is present because bulk modulus dominates over shear modulus in most 
materials.  As the tensile load is applied materials tend to resist a change in volume 
governed by the bulk modulus than a change of shape which is governed by the shear 
modulus. This material property is important to help prevent lateral strain. 
To define the behaviour of material in these sections, the stress-strain relationship is 
given by Equation 2-13. 
𝑮 =  𝑬 𝟐(𝟏 + 𝒗)⁄ . 
 2-13 
where G is the Shear modulus, E the Young’s Modulus  and v the Poisson’s ratio 

𝐴𝑥𝑖𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛, 𝜀𝑥 =  
∆𝐿𝑋
𝐿𝑋
,       Transverse  𝑆𝑡𝑟𝑎𝑖𝑛, 𝜀𝑦 =  
−∆𝐿𝑦
𝐿𝑦
          𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜 =  
−𝜀𝑥
𝜀𝑦
 
Figure 2-21 Figure showing Poisson’s ratio effect. 
  The mass per unit volume of elements which is also known as the density is also to be 
specified to account for the mass for all materials. 
ΔLx 
F Ly 
Lx 
F 
ΔLy 
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2.5.3.2     Plastic Properties 
Plasticity of a material is known to define irreversible changes in the material when load 
is applied to it.  At yield point a material moves from behaving elastically to exhibiting 
plastic behaviour as shown in Figure 2-22.  The post yield hardening also describes further 
its plastic behaviour wherein permanent deformation occurs to the material.  Even 
though plastic deformation occurs in most materials, the response varies from material 
to material. In concrete, plasticity is caused by slip of the structure of molecules at 
cracks/microcracks while in steel it is due to dislocation.   
After yielding, some materials exhibit work hardening behaviour by a decrease in the 
stiffness of the material and increase in the yield stress if the load is increased.   After the 
yield point, the material can behave in an elastic and plastic manner by exhibiting higher 
strains in relation to the stress in the material.  Perfect plasticity undergoes increased 
strain in the absence of stress or load application.   The loading rate and loading time 
affects the plastic behaviour of a material. 
 
 
 
 
 
 
  
Figure 2-22:  Stress-Strain Curve showing elastic – plastic behaviour of materials. 
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2.5.3.3 Response of Ductile Materials to extreme events – Steel and cables. 
A material is said to be ductile if it can yield at normal temperatures, with steel being a 
perfect example of a ductile material.  The Young’s Modulus is the slope of the elastic 
region of the stress strain relationship which leads onto the yield point.  Dislocations in 
the steel material cause a change in the linear behaviour causing strain hardening as the 
stress increases up to the ultimate tensile stress.  In the elastic region, the cross sectional 
area reduces linearly due to the Poisson’s ratio effect but after the ultimate tensile stress 
point the cross sectional area reduces significantly, a state known as necking Figure 2-23. 
 
Figure 2-23:  Stress-Strain Curve of Steel 
Cables are also ductile materials but they are manufactured with extra stress worked into them 
at manufacturer.  The stress-strain curve of steel  shown in Figure 2-23above is lower than that 
of cables which has more which have more stress worked into them at production hereby 
pushing up the yield stress of the cable as shown in Figure 2-24.   The stress – strain response 
is linear and elastic but past 70% of the ultimate strength the cable behaves quite nonlinear and 
inelastic with no defined yield point.  However, the yield point is governed by a proof 
stress/specific yield strain of 0.002 as shown in Figure 2-23.  
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Johnson-Cook plasticity model is suitable for high strain rate deformation of many 
materials especially metals because it based on Von Mises yield surface flow criteria 
which can handle hardening and is highly rate dependent (Von Mises, 1913).    The 
hardening of this model is an isotropic type having a yield stress, σ0 as shown in Equation 
2-14 below. 
𝝈𝝄 =  ⌈𝑨 + 𝑩(?̅?𝒑𝒍)⌉ (𝟏 + 𝑪 𝐥𝐧 [
𝜺
𝜺𝝄
]) (𝟏 − [
𝑻−𝑻𝒓𝒐𝒐𝒎
𝑻𝒎𝒆𝒍𝒕− 𝑻𝒓𝒐𝒐𝒎
]
𝒎
)               2-14 
where A is the initial yield stress in MPa, B is the hardening modulus in MPa,  ɛpl is the 
equivalent plastic strain,  n is the work-hardening exponent, C is the strain rate 
dependency coefficient,  ɛ is the plastic strain rate, ɛ𝜊 is the reference strain rate (1.0 s1), 
T is the current temperature,  Troom is the room temperature, Tmelt is the melting 
temperature and  m is the thermal softening coefficient. 
 
Figure 2-24:  Stress – Strain Curve for pre-stressing steel. 
The exposure of the cable(s) to extreme events such as fire and blast will affect the stress-
strain relationship of this material.   According to the Eurocode EC3 (EC3, 2006) as the 
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temperature of fire increases steel responds in a varied way.  Between 100-200oC loses 
its hardness in a progressive manner as shown in Figure 2-24.  As the temperature 
progresses to 600oC the elastic modulus of steel experiences a70% increase while the 
yield strength reduces by over 50%.  As the fire burns and the temperature of rises up to 
700oC it is noted that only 23% of the steel ambient-temperature strength remains.  At 
8000oC, the strength remaining in the steel in only 11% while at 900oC the strength 
reduces to 6%.  Steel melts at 1500oC. 
 
Figure 2-25- Stress –strain relationship of steel depending on temperature  
Hot finished carbon Steel begins to lose its strength and stiffness at 300oC steadily unto 
800oC then the rate of reduction reduces as the temperature increases to 1500oC which 
is the melting temperature of the hot finished carbon steel.  However, for cold worked 
steel the strength and stiffness reduction rate is more rapid after the fire reaches 300oC.  
Also the creep deformation with time increase (Bailey, 2005).  It has been highlighted 
that “The thermal properties of steel at elevated temperatures are found to be dependent 
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on temperature and are less influenced by the stress level and heating rate” (Bailey, 
2005). 
The coefficients of thermal expansion also vary with increase in temperature as shown in 
the Figure 2-26 below.   Due to crystal change the elongation of the steel is constant at 
around 700-900oC.    
 
Figure 2-26: Thermal elongation vs temperature of carbon steel (Bailey, 2005). 
According to (Hozjan and Kwaśniewski, 2013) the thermal conductivity of carbon steel 
then drops at a uniform rate up till the temperature of fire reaches 600oC, after which it 
remains constant.  There is a spike in the specific heat of the carbon steel when compared 
to the simple fire calculation model recommended in the Eurocode 4. 
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Figure 2-27: Effect of fire on thermal conductivity and specific heat of carbon steel 
2.5.3.4 Response of Brittle Materials to cable loss - Concrete 
Brittle materials are those that break with no noticeable deformation when subject to 
stress.  Concrete is a type of brittle material that does not have a yield point but does have 
a peak stress value. 
 
 
Figure 2-28:  Stress-Strain Curve for Concrete. 
Strain-Softening 
Elastic 
Peak Value 
S
tr
es
s 
Strain 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 58  
 
The interesting point about brittle materials is that the failure occurs with no obvious 
change in the rate at which the material elongates.  Concrete especially does not exhibit 
strain-hardening and does not have a yield point, making the ultimate strength and 
breaking strength the same value.   As the strength increases so does the brittleness.   The 
nonlinearity in concrete is due to the mismatch and micro-cracking initiated for the 
interface between cement and aggregates.  Unlike steel that exhibits strain hardening, 
concrete tends to exhibit strain-softening due to the reduction in stress beyond the peak 
value and the increase in deformation as shown in Fig 2.28Error! Reference source not 
found..   
Figure 2-29:  Thermal conductivity and specific heat of concrete due to fire (Hozjan and 
Kwaśniewski, 2013) 
The Mohr Coulomb plasticity model was used in this research to model concrete 
materials.   This model is based on the Mohr-Coulomb yield criterion which allows the 
material it governs to soften and/or harden isotropically.  The yield surface of the Mohr-
Coulomb theory which is governed by a shear criterion, known as the Mohr-Coulomb 
surface wherein the shear stress (τ) on any point in the material achieves a value that 
depends linearly on the normal stress (σ) at an angle of internal friction (Ø) along a plane 
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that cross the failure surface termed cohesion (c). these are governed by a relationship 
shown in Equation 2-15  below.  
 
τ = 𝑐 −  𝜎 tan ∅ 2-15 
where τ =   shear stress, σ = normal stress, Ø = angle of internal friction, c = cohesion (c) 
 
Therefore with concrete been a brittle material, its exposure to extreme events sucha as 
fire and blast affects its material properties.  (Hozjan and Kwaśniewski, 2013) research 
showed that thermal conductivity of concrete reduces as the temperature increases in 
concrete while the specific heat increases slightly even though the simple calculation 
model according to the Eurocode specifies it the thermal conductivity and specific heat 
stays the same as temperature rises as shown in 
Figure 2-29.  
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  Modelling of cable-stayed bridge elements 
2.5.4.1   Modelling of the cable 
The main methods presented by various researchers used to model an inclined cable are 
discussed below:  
2.5.4.1.1 Equivalent Modulus Approach 
 
 
 
 
 
 
Figure 2-30 – Inclined Cable Layout  
 
A balanced cable can only take the form of a catenary under its own weight.  Thus to 
model the cable assuming it is straight under its own weight (i.e. the cable does not sag), 
a modified modulus of elasticity which is affected by the resistance to deflection against 
the cable force and support condition is required (Walther et al., 1999). The idealised 
modulus of elasticity, Ei, of a cable is shown in Equation 2-16 below in relation to Figure 
2-30 above. 
 
𝐸𝑖 =
𝐸𝑠
1 + (𝛾l)2
Es
12𝜎3
⁄
 2-16 
Ei =    Equivalent modulus of elasticity 
σ =   Stress in the cable 
γ =   Density of the cable  
s =    Length of the chord 
l =    Horizontal span (s.cos α) 
Ee = Modulus of elasticity of steel 
l 
s 
α 
T(force in cable) 
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This method adopts the use of an equivalent chord member with an equivalent tangent 
modulus of elasticity (E) to take into account the catenary (cable sag) effect of the cable 
but not the stiffening effect due to large displacements.  However, this method will only 
be adequate for short span cable-stayed bridges and is easy to use (Casciati, Cimellaro 
and Domenaneschi, 2008).  It will however be inadequate for modern cable-stayed 
bridges with spans up to and above 1000 m (Adeli, 1995; Ali & Abdel-Ghaffar, 1995; 
Boonyapinyo & Miyata, 1994; Bruno & Grimaldi, 1985; EC3, 2006; Karoumi R., 1996a, 
1996b, 1999; Leonard, 1988; Walther, Houriet, Isler, Moia, & Troitsky, 1988). 
This approach has been widely adopted by many bridge engineers but it ignores the 
lateral behaviour of the cable (Ali and Abdel-Ghaffar, 1995; Karoumi R., 1999).  It also 
does not account for cable vibrations and thus produces inaccurate mode shapes for cable 
stayed bridges (Au et al., 2001; Ren and Peng, 2005). 
Some recommendations for modelling cable-stayed bridges in commercial finite element 
software’s using this method suggest the use of truss elements with no compression and 
pretension in the cable assigned as an initial stress or strain (Ren and Peng, 2005), while 
some analysts suggest the use of beam elements providing the Ernst's modulus of 
elasticity to account for the catenary action (Mozos and A. C. Aparicio, 2010). 
2.5.4.1.2 Several straight elements 
Another approach is to model the cable(s) as a series of short straight elements such as 
beam links which helps to predict the static equilibrium, in-plane model properties of the 
cable and adequately models the curved geometry of the cable (Ali and Abdel-Ghaffar, 
1995; Karoumi R., 1999).  
The presence of a series of straight elements introduces a large number of degrees of 
freedom especially when considering dynamic loading and thus increases the 
computational time and cost (Ali and Abdel-Ghaffar, 1995).  This method also makes the 
model stiffer and consequently underestimates the displacement of the cables (Karoumi 
R., 1999).  It is also recommended to use this method as it helps to obtain accurate mode 
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shapes of the cable-stayed bridge.  The greater the number of elements, the higher the 
accuracy of the frequency analysis (Au et al., 2001; Ren and Peng, 2005). 
2.5.4.1.3 Iso-parametric Truss Elements 
Cables have also been modelled using four-node iso-parametric truss elements which are 
capable of predicting the axial, in-plane and out-of-plane responses of the cable (Ali and 
Abdel-Ghaffar, 1995).  However, these are stiff and they require numerical integration to 
formulate the element stiffness matrix (Leonard, 1988). 
2.5.4.1.4 Single two-node Catenary element 
This approach is based on an exact analytical expression representing the cable by a 
single two-node catenary element which takes into account the curved geometry of the 
cable and cable sag effects.  Thus, a number of beam elements with negligible flexural 
stiffness can be used to obtain a replica of a catenary element by increasing the numbers 
of beam elements.  However, only a few commercial finite element codes enable the users 
to define their own elements (Karoumi R., 1999; Casciati, Cimellaro and Domenaneschi, 
2008).   Another researcher used the catenary cable element to model the cable and 
obtained 8 – 10% difference from the modelling the cables as a single truss with an 
equivalent modulus to cater for the catenary behaviour (Cai, Asce and Aref, 2014). 
2.5.4.2   Modelling the pylon 
Generally, beam elements are used to model the pylon which can account for bending, 
deflection and buckling of the pylon (Wolff and Starossek, 2009; Gerasimidis and 
Baniotopoulos, 2011).  For local analysis, solid or shell elements can be used to model the 
pylon. 
2.5.4.3   Modelling of the deck 
The deck of a cable-stayed bridge can be modelled with beam elements.  For 
investigations considering the nonlinear behaviour of the material the deck can be 
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modelled with beam and shell elements or shell elements only (Wolff and Starossek, 
2009).  
 
2.5.4.4   Modelling of the Anchorage 
Generally, in a global analysis the when modelling the connection between the cable and 
the deck the connection is assumed to be a node connection allowing for rotation in all 
directions but no translation which is modelled as joints as shown in Figure 2-31b.   This 
modelling method does not correctly represent the effect of the eccentricity of the cable 
anchorage on the global response even though it is faster and easier.   The anchorage has 
been modelled by some analysists as a rigid link as shown in the Figure 2-31a below  (Cai, 
Asce and Aref, 2014).  It is important to correctly model the eccentricity of the anchorage 
to ensure the reactions that develop at the anchor points are correctly represented. 
 
Figure 2-31- Anchorage model variation  (Cai, Asce and Aref, 2014) 
  Loading 
According to the (CEB-FIB, 2005), a cable which is normally subjected to pure axial 
tension but can also be subjected to transverse loading which is normally catered for by 
cable deviators.  “If the cable end is placed in the tangent to the that specific catenary”: 
the bending stresses if present due to the cable connected at a tangent to the specific 
catenary, vibrations of the cable or rotation of the anchorages relative to the tangent 
because of the load applied, they recommended rotations larger than ±0.6 need to be 
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considered in the designer need to consider the effect of additional rotation of the cables 
in the design (CEB-FIB, 2005). 
2.5.5.1   Effect of live load variation 
In a research investigation carried out on under-deck cable supported bridges, three (3) 
live load variations were used, namely: 
-  when there is no traffic live load on the deck; 
- when 50% of the total traffic live load is on the deck; 
- when there is 100% of the traffic live load applied to the deck. 
In the event of the maintenance or closure of a lane then the traffic will be only on the 
other lane causing an imbalance to the load on the deck and more stress on the cables 
close to the used lane. Another likely extreme scenario is traffic congestion on the deck 
during peak periods which is the case, for example, on the Queen Elizabeth Bridge II in 
the UK.  Therefore, the higher the traffic live load applied, the larger the axial load lost 
(i.e. the larger the breakage load), and the larger the internal forces in the bridge due to 
the breakage of the stay cables (Ruiz-Teran and Aparicio, 2009). 
In contrast, another research investigation carried out on a cable supported arch bridge 
presented a comparative study with various live load factors and concluded that live load 
mass participation had a relatively small influence on member stresses during the cable 
loss event, so mass due to lane load was conservatively assumed to participate in the 
dynamic response (Kao and Kou, 2010).  
2.5.5.2 Effect of cable loss as accidental the accidental design situation 
The accidental loss of a cable due to blast is handled in design as being based on the 
Ultimate Limit State (ULS) design.     Codes and guidelines recommend that for nonlinear 
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dynamic analysis, before the cable loss the bridge should be fully loaded and at the start 
of the loss of a cable the accidental loading combination be used. The combination of 
actions for the accidental design situation can be used to determine a design value that 
either contains an accidental action (e.g. impact, fire) or applies to a situation after an 
accidental action has occurred (e.g. after a fire). In the latter case Ad = 0.  (EC1.7, 2006). 
The study conducted by Zhou & Chen (2014) shows that it is necessary to consider traffic 
loads during cable-rupture events. Depending on the instant when the cable breakage 
occurs, the stochastic traffic load may cause a larger bridge response than that obtained 
from the static traffic load, which could control the design of the cable-breakage event.  
The stochastic dynamic traffic loads including the dynamic interaction effects between 
the bridge and vehicles are considered during the cable-breakage events for the first time.  
The comparative study shows that to consider traffic loads during cable-rupture events 
is necessary(Zhou and Chen, 2014).       
           
2.5.5.3   Blast Load 
After the detonation of an explosive device, the blast overpressure radiates as a wave 
from the point of detonation but decays exponentially with distance and time as shown 
in Figure 2-32.  This overpressure further decays and eventually becomes negative 
causing the surfaces to be subject to suction forces.  Under the positive phase the 
structure is subject to impulse where both the pressure and impulse (or duration time) 
are required to define the blast loading (Figure 2-32, Figure 2-33). 
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Figure 2-32: Illustration of Terminologies Used in Defining Blast Loads on Structures 
(Agrawal and Yi, 2009) 
 
An air blast load is classed into two groups namely overpressure and dynamic pressures.   
The overpressure depends on the shock wave front, the wave reflections and the 
hydrostatic pressure behind the shock front.  The dynamic pressure is caused by the 
particle velocity or the mass transfer of the air.  The effects of explosion depend on the 
closeness of the target object, the effects of the pressure take place in microseconds to a 
few milliseconds.  Most design cases ignore the negative phase because of its limited 
effect on the structure  (Hwang, 2010). 
 
  
Figure 2-33:  Simplified Model of Unconfined Blast Load on Structures  
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 (TM 5-855-1, 1986) 
To predict the blast load the following methods can be used (Remennikov, 2003). 
• Empirical (or analytical) methods or 
• Semi-empirical methods or  
• Numerical (or first-principles)  
Empirical ( 0r analytical) Methods 
The empirical method uses experimental data for correlations while the semi-empirical 
method uses simplified physical models that take into account the physical process of a 
bomb blast but the Numerical methods are based on mathematical /computational fluid 
dynamic equations that are based on basic laws of physics such as mass conservation, 
momentum and energy.   
 
Empirical methods presented in TM 5-1300 gives a detailed information and guidance on 
the blast loading as well as guidance on dynamic analysis for blast loading and design of 
steel and reinforced concrete structures designed against blast (TM 5-855-1, 1986).   It 
gives a step-by-step analysis guide on the blast loading and a non-linear dynamic analysis 
for steel and reinforced concrete design.  The blast loading design curves are to be used 
to obtain the blast wave parameters in relation to the scaled distance for free air bursts, 
air burst and surface bursts. 
The weight of the explosives discussed in Section 2.2.1.1 is normally expressed as an 
equivalent TNT weight as shown in Table 2-2 and Table 2-3  (Jayashree, Bharatwaj and 
M, 2013).  The distance from the charge to the structure is obtained for the equation 2-17 
below 
 
Z = Rg.W1/3 2-17 
where  
Z – distance for the charge to the structure  
Rg, is required to obtain the scaled ground distance, 
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The peak overpressure, Pt,  reflected impulse, ic, and positive phase duration can be 
obtained from the tables in relation to the scaled distance (Castellano et al., 1982; United 
Facilites Criteria (UFC), 2008). 
 
 
Table 2-2:  TNT Equivalent Conversion Factors for Explosives.  
(Jayashree, Bharatwaj and M, 2013) 
 
 
Table 2-3:  Equivalent Factors Based on Pressure and Impulse. 
 (Agrawal and Yi, 2009) 
 
A scalling chart is used to obtain the positive phase blast parameter for standard shapes 
of blast (hemispherical , spherical etc.,) and for standard types of blast as surface blast  or 
air blast.   The parameters obtained form the graph is then used used to calculate the 
scaled distace and used to obtain the overpressure and reflected pressure.   Air blast is 
generated when an explosive detonates above the ground suface and a fair distance away 
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from a structure. As the shock wates that propagates from the explosive,they hit the 
ground before any strucure A front is formed due to the continued propagation of the 
blast wave along the grund interaction of the incident wave been propageted and the 
reflected wave by the ground surface.  Free air blast pressures are fomed when an 
explosive detonates above or adjacent to a structure . wherein no futher amplfication or 
objection to the incidendent/initial wave front .  Finally, another type of blast is the 
surface blast wherein the explosive detonates at or near the ground surface.  The 
detonation of the explosive at this location propagates balst wave and simultaneously hits 
the ground to produce reflected wave., Hereby merging with the incident wave to form a 
singe wave similar to the Mach front but this time having a hemispeherical shape. (US 
Department of  Army, 1986). 
 
The Semi-empirical method recommend the structure to be dived into sections to 
evaluate the pressure, impulse, time history for each section and then to be summed up 
to obtain the total load-time history (KIngery and Bulmash, 1984). 
 
Finally the numerical methods, also known as detonation simulation methods, however 
use the arbitrary Lagrangian-Eulerian (ALE mesh) to model the process of detonation by 
modelling the blast wave through air and simulate its interaction with the structure 
(Agrawal and Yi, 2009). This method can predict the reflection and diffraction of the blast 
wave and interaction between the wave and the structure using equations such as 
equation 2-18 (Remennikov, 2003):  
 
𝑃(𝑡) = 𝑃𝑠𝑜 [1 −
𝑡 − 𝑇𝑎
𝑇𝑜
] 𝑒𝑥𝑝 [
−𝐴x(𝑡 − 𝑇𝑎)
𝑇𝑜
] 2-18 
where the P(t) is the pressure at time t(kPa), Pso is the peak 
incident pressure (kPa), To is the positive phase duration 
(msec), A is the decay coefficient (no dimensions)  and Ta is the 
arrival time (msec) (Remennikov, 2003). 
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Lastly, CONWEP Airblast  is another type of numerical method.  This method uses 
equations to predict the spherical air burst from the point ot detontation.   The ConWEP 
model is based on a series of data put together from experiemental test of 1 kg to 400,000 
kg explosive charges presented in TM5-855 as curves assuming an exponential decay of 
the pressure with time (Remennikov, 2003).  The application of blast load to a cable-
stayed bridge is a challenging task due to the complex geometry and size (Agrawal and 
Yi, 2009). 
2.5.5.3.1 Factors affecting  blast loading 
Blast loading rapidly increases the strain rate of the member of a structure and in turn 
increases the yield and ultimate strengths of the materials involved.  Concrete, steel and 
cables behave differently under high strain rates than when under static loads.  The 
ultimate strength of the members are much higher than the yield strength therefore if the 
strain rate is not considered in the analysis the effect of blast will be underestimated (Son 
and Lee, 2011).  
Concrete beams respond better to blast loading when compared to static loading by 
retaining their load capacity but the failure mechanism was worse for beams subject to 
blast loading (Magnusson and Hallgren, 2004). Fang et al. research concluded that in the 
presence of blast loading, the strain rate has a significant effect on the capacities of a 
reinforced concrete beam. 
Table 2-4: Strain rate equivalent to dynamic modes of loading (Simulia, 2011) 
Strain Rate Loading  Examples 
<10-5 Creep Constant Loading Machine 
10-5 – 10-1 Static or quasi-static  Gravity Loads  
10-1 – 101.5 Dynamic Impulse pressure effects on 
high-speed craft .   
Wave breaking loads.   
Earthquake and wind 
101.5 – 104 Impact Explosion 
Vehicle Collision 
>104 Hyper-velocity impact Bombing 
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Also, Aoki et al., 2014 in his research on the effect of blast on bridges considered two 
different charges of TNT – 1 tonne equivalent to a normal car fully loaded with explosives 
and 27 tonnes of TNT which is equivalent to a semi-trailer fully loaded with explosives 
varying the height of detonation.  However, the cable element was not included in the 
blast analysis as a contact surface with the reason of the cable element been too small 
(Aoki et al., 2014). 
Another factor the affects blast loading is the detonation of an explosive.  This exerts high 
dynamic pressures which are categorised as critical loads because they have high 
frequency and intensity which is related to the fundamental eigenvalue of the structures 
(Andreou, Kotsoglou and Pantazopoulou, 2016).   
 
2.5.5.4   Fire Load 
Fire is measured as Heat Energy and temperature.  Heat Energy is a form of energy 
characterized by vibration of molecules and capable of initiating and supporting chemical 
changes and changes of state (NFPA 921). Temperature on the other hand is a measure 
of the degree of molecular activity of a material compared to a reference point (NIST, 
2010) 
The ignition, growth, spread, decay and extinction of a fire is governed by heat transfer,  
Fire typically moves from a hotter region to a colder region as shown in Figure 2-34   
below (NIST, 2010).  The conduction rate in concrete, cable or steel varies.  
 
Figure 2-34:  Figure showing heat transfer via conduction 
 To obtain the heat transfer in a material, q the equation 2-19, 2-20 and 2-21 that takes 
into account the temperature when hot and cold in relation to the surface area is 
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compared with the thickness of the material for conduction,  convection and radiation 
respectively (NIST, 2010). 
Conduction: 
?̇? =  
𝑘𝐴(𝑇𝐻𝑜𝑡 −  𝑇𝐶𝑜𝑙𝑑)
𝐿
 
2-19 
Convection: ?̇? = ℎ(𝑇𝐻𝑜𝑡 −  𝑇𝐶𝑜𝑙𝑑)𝐴  2-20 
Radiation: 
?̇? = (𝜀𝛼𝑇𝐻𝑜𝑡
4 )𝐴 
2-21 
where  
T is temperature (in Kelvin),  
A is the exposure area (meters squared),  
L is the depth of the solid (meters) 
k is a constant that unique for different materials known as the thermal conductivity and 
has units of (Watts/meters*Kelvin). 
h is a constant that is unique for different materials known as the convective heat transfer 
coefficient, with units of W/m2*K. 
α is the thermal diffusivity (a measure of how quickly a material will adjust it's temperature 
to the surroundings, in meters squared per second) and  
ε is the emissivity (a measure of the ability of a materials surface to emit energy by 
radiation). (NIST, 2010) 
 
Previous research work carried out by Ataei et al. 2015 to determine the strength losses 
in pre-stressed cables using hypothetical fire and varying the thermal gradient 
propagation along the length of the cable by finite element analysis method.   
The standard practise of obtaining modelling the effect of fire is based on design guidance 
for the accidental design situation for fire exposure is given in BS EN 1993-1-2 for 
structural steelwork and in BS EN 1994-1-2 for composite steel and concrete structures. 
Various methods are recommended to model the fire as a load: 
• Nominal Fire  
• Time Equivalences 
• Compartment fires (parametric/localised) 
• Zone models 
• CFD/Field models. 
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The Nominal fire is the simplest model representation of fire using the standard fire curve 
as discussed in Section 2.4.3 by calculating the temperature-time relationships provided 
in the codes for different types of fire, which are not dependent on the boundary 
conditions and ventilation.   
The Time Equivalences method relates the intensity/severity of a fire to the temperature-
time curve of a standard fire test.  The actual maximum temperature of the structural 
member obtained from the severity of the fire anticipated is related to the time taken for 
the same member to attain the same temperature when subjected to the standard fire (as 
shown is Figure 2-35) which can be obtained from the simple equations for standard fire 
or from experimental data.  (EN 1991-1-2, 2002) recommends this method and takes into 
account the amount of fuel load, thermal characteristics of the compartment boundaries, 
compartment size and ventilation 
 
Figure 2-35:  Graph showing Time Equivalence concept  
(Bailey, 2005) 
The Compartment parametric fire approximates the post flashover temperature time 
relationship taking into account the compartment size, fuel load, ventilation conditions 
and the thermal properties of compartment walls and ceilings assuming uniform 
temperature while the compartment localised fire takes the pre-flashover into 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 74  
 
consideration assuming the flashover is not likely to occur.  Figure 2-36 shows a typical 
parametric fire curve. 
 
Figure 2-36:  Figure showing a typical parametric fire curve 
(Bailey, 2005) 
Zone models divide the compartments into segments/zones with each fire condition in 
each zone assumed to be uniform.  These are carried out as simple computer models.  
The Computational Fluid Dynamics (CFD) model is an advanced method which can be 
used to model the pre-flashover and post-flashover fire, even in complex geometries.  It 
can also replicate smoke movement using partial differential equations of 
thermodynamic and aerodynamic variables (Bailey, 2005).  
 Cable Loss Time 
The time it takes for the cable to rupture is a major parameter in a dynamic analysis in 
order to obtain an accurate response of the structure (Mozos and Aparicio, 2011).  The 
time of loss could be considered in terms of the type of loss such as the progressive loss 
of a cable which corresponds to a more realistic cable rupture pattern.  This is simulated 
by decreasing the tension to zero in a short time period (Park, Koh and Choo, 2008; Mozos 
and Aparicio, 2011).  Abrupt loss of a cable is simulated by the sudden drop in the tension 
in the cable to zero (Zoli and Steinhouse, 2007; Park, Koh and Choo, 2008). 
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According to Ruiz-Teran & Aparicio (2007) the time required for breakage due to fire is 
longer than for breakage due to vehicle collision. Thus the dynamic response of a 
structure is greater when the action causing the breakage of the stay does not last long.  
Thus, abrupt loss of a cable will produce the worst effect. 
The rupture of the 42 wires tested by Mozos & Aparicio (2011) shows that the rupture 
time is 0.0055 seconds which does not depend on number of wires and cutting machine 
they used.  
T. Zoli & Woodward (2005) tried to obtain an optimal load curve parametre for the quasi-
static response of the Blennerhassett Arch Bridge.  They suggested two loading curves: 
- A Constant-Slope Front loading curve that shows the force increasing linearly 
during the rise time for 8 seconds and is maintained at the maximum load for 
about 2s and then unloaded at varying rates between zero (0) to four (4) seconds. 
The Cyclodial Front: The force increases in a cyclodial manner during the rise time of 8 
seconds until the load reaches the maximum value and is then maintained at a steady 
state for 2 seconds and then unloaded at varying rate between zero (0) to four (4) seconds 
(Zoli and Woodward, 2005) 
 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 76  
 
Figure 2-37  Loading curves for cyclodial and constant slope fronts for cable loss.  
(Zoli and Woodward, 2005) 
Another study carried out on an under-deck cable supported bridge adopted the use of 
the function F(t) in applying the breakage load gradually over time as shown in Equation 
2-22 (Ruiz-Teran and Aparicio, 2007). 
 
 
F(t)=f (
t
Tbreakage
) To 
2-22 
where      F = normalized shape-function 
     To = breakage load 
    Tbreakage = breakage time 
 
Breakage times of 1/10000 to 10 times the fundamental period of the structure were 
considered.  For the under-deck cable supported bridge, the fundamental periods are 
longer than one second (1.25 seconds for the undamaged bridge and 1.28 seconds for the 
damaged bridge with one stay cable broken), whereas the accidental breakage might 
occur in hundredths or thousandths of a second.  Thus the sudden loss had no influence 
on the fundamental period of the structure (Ruiz-Teran and Aparicio, 2009).  
When considering the blast loss in particular, previous researchers have suggested the 
blast duration to be in the range of 1-17 milliseconds (Fujikura and Bruneau, 2012; 
Williams and Williamson, 2012).  Also, following modal analysis, a short duration blast 
load was analysed using the air pressure wave caused by the blast as shown in Figure 
2-38 (Jayashree, Bharatwaj and M, 2013). 
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Figure 2-38: Figure showing the Air Pressure Wave. 
(Jayashree, Bharatwaj and M, 2013) 
In conclusion, there has been no agreed applicable time of cable loss and further work is 
required in this area. 
2.5.6.1  Multiple cable loss 
The recent design of the Taney Bridge in Ireland, a cable-stayed bridge carrying two 
tracks of the Dublin Light Rail System, took into consideration the sudden and 
simultaneous rupture of any two adjacent cables (O’Donovan, Wilson and Dempsey, 
2003). 
The assumption of the loss of just one cable at a time is insufficient (Starossek, 2006a).  
When considering traffic accidents the sudden loss of all cables within a 10 m range has 
been suggested (Starossek, 2006b).  A fire on the bridge can also lead to the loss of more 
than one cable (Zoli and Steinhouse, 2007).  Further work in this area pointed out that a 
significant increase in flexural demand and the possibility of buckling is associated with 
each additional cable loss (Zoli and Steinhouse, 2007).   
Even though bridges designed nowadays consider the loss of a cable, this provision is 
made for the loss of only one cable.  In general, the accidental situation caused by the 
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sudden breakage of one stay cable must be overcome by the bridge without reaching any 
ultimate limit state (Ruiz-Teran& Aparicio 2009). 
In 2013, further research showed that the simultaneous breakage of two adjacent stays 
did not lead to collapse of a cable-stayed bridge but to the yielding of the stays and large 
plastic deformations in the deck  (Qiu, Jiang and Zhang, 2013) 
Most researchers have only mentioned the importance or likelihood of the loss of more 
than one cable and very few have investigated this possibility.  Also, the codes and 
guidelines do not cater for the loss of more than one cable.  
 
 Mode shapes 
A structure as complex as a cable-stayed bridge can vibrate in different ways and each 
way it vibrates has its own frequency.  This frequency depends on the mass of the bridge 
and the force that tries to return it to its stable position. This way of vibrating is referred 
to as the mode shape of the cable-stayed bridge.   When a cable is lost the mode shape of 
the cable stayed bridge will differ compared to when the bridge was intact. 
Various researchers have been trying to establish the mode shape related to the loss of a 
cable and thus the dynamic amplification factor.  According to Ruiz-Teran & Aparicio, 
2007 “When an action is applied to a structure slowly, i.e. over a time that is more than 
twice as long as the main vibration period of the structure, the response of the structure is 
practically the same as its static response. However, if the action is applied more rapidly, 
the structure shows a dynamic response  (Ruiz-Teran and Aparicio, 2007).” 
While Ruiz-Teran & Aparicio, 2007 states that “Dynamic amplification factors for sudden 
applied loads to systems with several degrees of freedom can be larger than 2, but in order 
for this to be the case there must be at least one mode on which the projection of the 
structural response is negative with significant weight. The larger the weight of these modes 
is, the larger the dynamic amplification factors will be”. 
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There exist disparities in the modes shapes considered in the analysis of cable loss in 
cable-stayed bridges.  In one research investigation the first 15 vibration modes have 
been considered (Ruiz-Teran and Aparicio, 2009), whereas the first 110 mode shape 
were considered in another (Wolff and Starossek, 2009) while the first hundred modes 
shapes were considered for very conventional cable-stayed bridge (Mozos and Aparicio, 
2011). 
The weight of the different vibrational modes in the response of the structure depends 
on the type of internal force or movement involved. 
Consequently, if there are vibrational modes with negative mode shapes in the several 
responses (deflections, rotations, bending moments, shear forces, etc.), the dynamic 
amplification factors also increase respectively in the same order.  The dynamic 
amplification factor which is dependent on the difference in effect of the dynamic 
response to the static response will be affected when the mode shape governing the DAF 
is in the negative zone effects  (Wei, Cheng and Li, 2012).   
Finally, the frequency is affected by the loss of the compression capability of the pylon 
and girder due to the loss of a cable. A loss of compression force in the pylon due to a 
cable breakage will increase the stiffness of the pylon.  The pylon is a column and any 
increase in compression load reduces the stiffness right up to the point it buckles when 
it loses all stiffness. And larger deflections taking into account the nonlinear effects  (Wei, 
Cheng and Li, 2012). 
 Damping 
Damping is the reduction in the amplitude of an oscillation by the loss of energy being 
drained from a system that reduces vibrations and eventually stops as shown in Figure 
2-39.  The extent to which a structure is damped depends on the material, frequency of 
vibration (f) and velocity of motion.   
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Figure 2-39:  Amplitude- time response of an oscillation. 
The angular frequency of a spring is given as :  ω=√k m⁄ , measured in radians, where k 
represents the stiffness of the spring and m represents the mass of the body 
 
Figure 2-40:  Mass-spring damper system. 
(Saini, 2007) 
The parametre called the damping ratio, ζ, is used to measure the amount of damping 
applied, while the critical damping ratio, Cc, is the threshold between oscillatory and non-
oscillatory behaviour of the element.  It is the least amount of damping that causes a 
system to return to a state of equilibrium.  A system is said to be critically damped when 
the damping ratio is equal to one, under damped when damping ratio is less than one, 
and over damped if greater than one. With a Single Degree of Freedom System,  Cc = 2 
mω.   
Damping of structures can be classified into Viscous damping, Modal damping and 
Rayleigh damping. 
2.5.8.1   Viscous Damping  
Viscous damping is caused by energy loss that is similar to  that which occurs in a fluid 
environment, where the force is proportional to the velocity of the mass of the structure 
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(Saini, 2007).  This method of damping needs a laboratory or field test and is mainly used 
in Single Degree of Freedom Systems for elastic analysis.          
2.5.8.2   Modal damping:  
This is the ratio of critical damping for each mode of the structure.  For accurate determination 
of the modal damping ratio a field test is required or where this is not available then data from 
similar system can be used.  The damping ratio ranges from 0% (lightly damped) to 15% 
(heavily damped) (Simulia, 2011).  It is often used where the nonlinear energy dissipation is 
unknown. For steel cable-stayed bridges and footbridges damping values less than 1% are 
normally used. 
2.5.8.3   Rayleigh Damping 
Rayleigh damping is also known as the mass and stiffness damping.  This is proportional 
to the stiffness (k) and the mass (m) of the structure.   
The damping constant, C,  is expressed as shown Equation 2-23: 
 
C= αm + βk 
2-23 
 
α  = Raleigh mass weighted damping constant 
β  =  Rayleigh stiffness induced damping constant 
C = Rayleigh damping constant 
 
Since  
𝜁 =
C
Cc
,     k=ω2 m 
2-24 
Then 
𝜁 = 
C
Cc
=  
𝛼m
2 mω
+  
𝛽𝜔2m
2𝑚𝜔
 
2-25 
Given 
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𝜁 =  
𝛼
2ω
+  
𝛽ω
2
 
2-26 
where 
ζn =        damping ratio 
Cc =  critical damping ratio 
ω =       angular frequency of the system 
A Rayleigh damping ratio of 1% or 2% of the critical damping has been used by a high 
number of researchers (Ruiz-Teran and Aparicio, 2009; Wolff and Starossek, 2009).  This 
was obtained from the first two longitudinal bending mode shapes (Mozos and A. C. 
Aparicio, 2010). On the other hand, some ignored the damping following the claim that 
intrinsic damping associated with vehicle suspensions would add to structural damping 
under a cable failure scenario (Kao and Kou, 2010).  
Considering the effect of damping on the response of the bridge, another researcher 
studied the influence of damping on the deck and pylon and concluded that the influence 
of damping increases with the distance of the deck cross section to the pylon and claimed 
that the effect of damping is not influenced by the stiffness of the deck (Mozos and A. C. 
Aparicio, 2010). 
Also, a research investigation on the robustness of cable-stayed bridges considered 
Rayleigh damping ratios between 0.2% and 1% for the loss of a cable, stating that in 
determining the damping coefficient for the loss of short cables, high modes significantly 
contribute to the structural response (107th mode). It was concluded that for the loss of 
long cables, a damping ratio of 1% influenced the vertical deflections in the proximity of 
the lost cable.  For the loss of shorter cables, damping does not have an effect on the peak 
response taking place at the beginning of the vibration while the smaller damping ratio 
of 0.2% has a massive effect on the bending in the pylons (Wolff and Starossek, 2008).  An 
increase in the damping of a structure often leads to reduction in the Dynamic 
Amplification factors (Ruiz-Teran and Aparicio, 2007). 
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T. Zoli & Woodward (2005) in their analysis of an arch bridge presented the calculation 
of the Rayleigh damping ratio in relation to the mode shapes after the loss of a cable 
considering the first 50 eigenvalues. 
There is no discrepancy in the damping ratios obtained but for the governing mode shape 
will be dependent on the response of interest. 
 
2.6 Conclusion 
The literature review has shown the extent of the research and gaps in relation to the 
structural performance of cable-stayed bridges to extreme events.  The under researched 
areas have been identified and some will be addressed in this thesis as follows: 
• It is clear that a few researchers have been able to obtain higher Dynamic 
Amplification Factors for cable supported bridges for various locations and effects 
on the bridge considering the loss of one cable however there is little work with 
no clarity on the effect of the loss of cables on already corroded stays.     
• Cable-stayed footbridges have different loading and load combinations and 
exhibit differences in response to traffic bridges and using the same DAF will not 
be appropriate. There is however no research or guideline for cable supported 
footbridges in particular.  
• It is important to know the cable removal time in relation to the natural period of 
a cable-stayed bridge. This will help to estimate the least catastrophic effect on the 
bridge which will be especially useful during cable replacement and maintenance.   
This has been identified in buildings while in cable-stayed bridges only a range 
has been suggested. 
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• Furthermore, the loss of cables has not been considered in relation to a range of 
extreme events other than blast.   
• Finally, the effect of the loss of cables on the anchorage zones has not been 
researched.   
• There is no published guide on how to best carry out dynamic analysis for cable 
loss on cable-stayed bridges. 
Therefore, this research intends to focus on these identified gaps by carrying out a series 
of detailed static and dynamic finite element analyses, which will be presented in the 
following chapters. 
 
 
 
 
 
 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 85  
 
Chapter 3  
Numerical Simulation of Cable Loss in Cable-stayed Bridges 
3.1 Introduction  
The dynamics of the loss of a cable on a cable-stayed bridge is complex owing to the 
number of variables that should be considered.  Experimental tests are not a common 
option to obtain the effect of the loss because it is very expensive and complex to setup 
and run.  However, empirical and analytical solutions have been recommended by codes 
and guidelines as mentioned in Section 2.3.2.   
This research therefore adopts the Finite Element Method to determine the effect of the 
loss of the stays in the analysed bridge models.  This chapter gives an overview for the 
justification of the finite element analysis procedure adopted and the finite element 
analysis methodology for the cable stayed bridge models considered in relation to the 
structural response of these models to the loss of cable(s) influenced by extreme events.  
3.2 Research Methodology 
To obtain the structural response of cable-stayed bridges to extreme events, existing 
traffic cable-stayed bridges and newly designed cable-stayed footbridges were selected 
for analysis.    The flow chart in Figure 3-1 gives and overview of the methodology that 
was adopted in this research.   
These models are generated in a chosen finite lament analysis software according to their 
layouts, section and material properties, which were then verified by hand calculations.  
To verify the analysis method, element modelling technique and that the cable force 
application method was correctly input into the chosen finite element analysis software 
especially formulated for bridges.   With the models validated, a frequency analysis was 
then run to obtain the time increment, damping ratio and period of the models.  This 
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information was then used to run static and dynamic analyses to obtain the response of 
the models.  The dynamic amplification factors for these models were derived from the 
results obtained from the static and dynamic analyses.   
The models were subjected to various extreme loading scenarios, live loading 
alternatives as well as cables losses in relation to the period of the cable-stayed bridge 
models.  Therefore, simple local analysis was carried out to determine the appropriate 
amplitude for the extreme loading scenarios.  Over recent years, the parallel strand type 
of cable has been majorly adopted for use on cable-stayed bridges.  Therefore, the 
amplitude of the bomb blast effect on the loss of a cable was derived using coupled 
Eulerian- Lagrangian analysis of a typical parallel strand cable.     Finally the methodology 
adopted to model the effect of fire on the cable leading to the loss is discussed in this 
chapter.   
There are various types of finite element analysis such as static, dynamic, contact, 
frequency, buckling, modal and temperature analysis.  In this thesis, the static, quasi-
static, frequency and dynamic analysis are used to determine the structural performance 
of a cable-stayed bridge to loss of a cable(s) under various scenarios. 
The next section justifies the finite element analysis software package to chosen in this 
research. 
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Figure 3-1:  Flow Chart showing research methodology.
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3.3 Finite Element Analysis Tool  
The concept of finite element analysis was introduced by R. Courant in 1943 in his 
research on approximate solutions to vibration systems using the Ritz method and 
variational calculus (Courant, 1943).  It has been advised the breaking down of complex 
structures into smaller sections that can be solved using computers to obtain a more 
accurate approximation of the deflections and easier computation of the structure’s 
stiffness  (Turner, 1956).  The computer aided solutions of structural elements has 
developed over the years from mainframe computers to the remarkably high 
specification computers we have today that have the ability to produce accurate results. 
The Finite Element Method is a numerical technique used to obtain approximate 
solutions for boundary value problems using partial differential equations and integral 
equations.  In mathematics, a boundary value problem is made up of some dependent 
variables (Figure 3-2) which has to satisfy a differential equation anywhere in a domain 
or field.  They are also made up of independent variables that satisfy the restraints or 
boundary conditions of the domain using the known to derive the unknown.  In civil 
engineering, a domain or field is usually a physical structure for which the engineer is 
interested in knowing its response/ behaviour.  The dependent variables of the domain 
are the responses of interest such as displacement, velocity, stress etc.  
 
 
 
Figure 3-2:  Boundary value problems in 2 Dimensions. 
This tool has become very popular because of its ability to solve very complicated stress 
problems.  Despite the vast ability of the finite element analysis, it has the likelihood of 
producing errors that can be overlooked by the analyst.   
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3.4 Capabilities and Choice of Finite Element Software 
The development of computers over the years has led to advancement in software’s that 
can be used to carry out detailed finite element analysis.  For the analysis of cable-stayed 
bridge for the loss of a cable due to blast it is important for the software must be able to 
run a static nonlinear analysis to obtain the static response of the bridge models, non-
linear dynamic analysis to obtain the dynamic response of the bridge models to the loss 
of one or more cables, frequency analysis to obtain the mode shapes.  To apply the blast 
effect to the cable force -  a coupled Eulerian -Langerian analysis capabilities is required. 
Finally, to model the fire effect on the cable, the software of choice must be able to apply 
the fire effect as a load, or boundary/contact effect to the cable or cable region.  A list of 
software’s such as Abaqus, SAP2000, StaadPro and Midas Civil 2013 have been used in 
previous research to carry out a dynamic analysis of cable-stayed bridge for the loss of a 
cable.  Table 3-1 below gives a summary of these software’s.  The availability, modelling 
capabilities, material and element properties range, type of analysis and accidental event 
modelling capabilities.   
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Table 3-1:  Summary of Finite Element Analysis Software capabilities for accidental analysis of cable-stayed bridges 
Category Feature of interest  Abaqus SAP2000 StaadPro Ansys Midas Civil 
General Availability Yes Yes No NO Yes 
CAD import Yes Yes Yes Yes Yes 
Material 
property 
integration 
Modelling plastic 
properties 
YES- cant model viscous 
elasticity 
Yes Only material nonlinearity  Yes – very robust Yes( not robust for 
geometric) 
Anisotropic material 
properties  
Yes No No No No 
Material Plasticity Yes Yes Yes -  Omits the catenary 
behaviour 
Yes Yes 
Element 
modelling 
Cable element  Yes Yes Yes Yes Yes 
3D element - cables Yes No No Yes No 
3D element -  air Yes Yes No Yes No 
Extreme 
Loading 
application 
Blast modelling  Yes-  
CONWEP,  Couples 
Eulerian- Lagragian  
Yes 
(oversimplified) 
No Yes – Arbitrary 
Eulerian, 
Lagragian 
No 
Fire  modelling – Heat 
transfer  
Yes, (heat transfer, 
thermal loads 
Yes – only 
thermal load) 
No Yes Yes- thermal loads 
only 
Analysis 
type 
Frequency analysis Yes Yes Yes – limited on No. of 
modes 
Yes Yes – limited on types 
of eigenvalue solver 
Non-linear dynamic 
implicit & explicit  
Yes Yes Yes – explicit restricted Yes Yes –explicit 
restricted 
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Abaqus was chosen to carry out all the analysis because it was one of the few of the 
software’s considered that ticked most of the boxes on requirements as shown in Table 
3-1. Another reason is that Abaqus was chosen was because it was available to use and I 
have previously used it on hereby familiar with the software and its capabilities.  
However, I could have used Ansys which is more popular for blast analysis but it not as 
robust for fire analysis as Abaqus.   
Abaqus 6.13 was the version available at the time of this research.  To understand the 
background of Abaqus, it was developed by Dr David Hibbitt, Dr. Bengt Karlsson and Dr. 
Paul Sorensen in 1978 under the company Hibbitt, Karlsson & Sorensen, Inc., (HKS).  The 
company was taken over in October 2005 by Dassault Systèmes Simulia Corp  (Simulia, 
2011).   The Abaqus 6.13 suite is made up of a few core products: the relevant ones to this 
research are Abaqus/Standard, Abaqus/Explicit and Abaqus/CAE (Completer Abaqus 
Environment) as summarized in Error! Reference source not found.. 
Midas Civil was used as a checking and optimising tool for the initial static analyis carried 
in Abaqus.    It was developed in 1989 and became commercial in 1996 by MIDAS 
Information Technology Co., Ltd. (MIDAS IT) (MIDAS, 2013).  This software is known for 
its abilities in the design of bridges and civil structures with great capabilities especially 
for cable-stayed bridges.  In the scope of this research, Midas Civil 2013 is only used for 
verification of the static results obtained from Abaqus 6.13. 
3.5 Relevant Finite Element Analysis Procedure In Abaqus 6.13 
There are three basic steps involved in carrying out a finite element analysis namely: the 
pre-processing, the analysis and the post processing (Roylance, 2001).  Similarly, the 
finite element analysis process in this research was undertaken in three phases as shown 
in Figure 3-3 below.  This section discusses the relevant areas of finite element analysis 
procedure relevant to this analysing the accidental loss of a cable due to blast and fire 
carried out in Abaqus 6.13. 
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 Pre-processing Phase 
In the finite element analysis, the material responses have to be computed in a space 
termed domain.  The types of domains that can be created when carrying out a finite 
element analysis are rigid, deformable or Eulerian.   A deformable domain, also known as 
Lagrangian domain, can distort as the name implies while an Eulerian domain does not 
deform.  In the Lagrangian domain the mesh/grid of the domain or space is fixed with 
that of the material modelled into it and so the Lagrangian domain distorts with the 
material as shown in  
 
Figure 3-4  In Eulerian domains, the mesh of the domain used for computation of the 
material is fixed while the material moves through it as shown in Figure 3-5.   
Abaqus is used present a rigid domain to represent the cable-stayed bridges for linear 
and dynamic analysis while the Eulerian domain will need to be used to carry out the local 
analysis on the cables to obtain the effect of a 10000 kg of TNT. 
Abaqus/Explicit can be used to simulate extreme deformation and flow in Eulerian 
domains but in this work Abaqus explicit was used to simulate the deformation of the 
cable-stayed bridge models, and coupled with a combination of Eulerian and Lagrangian 
structures the air blast problem.  
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Analysis domain definition: 
Rigid, Deformable (Lagragian), Eulerian  
 
Model Geometry (Parts): 
Modelling of features for cable-stayed bridge models. 
 
Material properties definition: 
General (Density,), Elastic/plastic, Inelastic mechanical, 
Acoustic properties. 
Define and Assign Section/Profile Properties 
Input Initial Conditions:   
Assign Pre-stress 
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Figure 3-3:  Finite Element Analysis Procedure in Abaqus 6.13. 
Assemble Model: 
Create instance and sets 
Define analysis step(s): 
Linear/non- linear static, dynamic implicit, dynamic 
explicit: Time, increment time, damping, 
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Figure 3-4 Material motion in Lagrarian Domain. 
 
 
 
 
 
Figure 3-5:  Material motion in Eulerian Domain. 
 Simulation Phase 
The simulation phase is the stage where the behaviour of the model developed is 
determined when subjected to forces.  The material properties, element type and loading 
to apply for the right type of analysis for accidental loss of a cable due to blast and fire it 
is discussed. 
3.5.2.1   Analysis type 
The analysis procedure for a finite element analysis in Abaqus 6.13 is based on the 
stiffness equation shown in equation (3-1: 
 
𝐹𝑥 =  𝑘𝑥𝑦𝑈𝑦;      (3-1) 
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where:   Fx = applied force at the node, 
kxy=  stiffness matrix formed depending on the type of problem and 
Uy= displacement at nodal points. 
The type, behaviour, time dependence and inertia effect of the structure determines the 
type of finite element analysis to be carried out.    
3.5.2.1.1   Static analysis 
A static analysis carried out was used to determine the effect of actions due to gravity 
(static loads) on the cable-stayed bridge models when inertia effects can be neglected.    
Linear Analysis  
In linear analysis was not carried out in this research as the materials used and geometry 
of the members of the cable stayed bridge contribute to its nonlinear response. 
Nonlinear analysis 
The Newton-Raphson method is adopted in Abaqus to solve nonlinear problems by 
applying the load incrementally and gradually.   Nonlinear analysis carried out for the cable-
stayed bridge models in this research considers both the geometric and material nonlinear 
responses.  The implicit module was used to carry out the nonlinear analysis for the static 
response of the bridge under full loading setting the time step to automatic allowing Abaqus to 
work out the time step to match the matrices developed over the nonlinear range of the analysis  
3.5.2.2  Defining Material Properties and Behaviour  
Three materials namely steel, concrete and cable were used in this study. The properties 
of materials used in a model must be correctly input to obtain credible results.   For the 
correct representation of the material behaviour the elastic and plastic properties were 
defined. 
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3.5.2.2.1    Elastic Properties  
The elastic properties such as the Young’s Modulus, Poisson ratio, and density are defined 
in Abaqus during the simulating phase which governs the response of the members to the 
load(s) applied to the bridge models. 
3.5.2.2.2    Plastic Properties 
A common way of defining the plastic properties in Abaqus 6.13 is by the use of true stress 
which is the ratio of the tensile force to the true cross-sectional area in the narrowest 
section of the neck and true strain.  This continues to increase until fracture.  In this 
research the Johnson Cook plasticity model (discussed in Section 2.5.3.2) was used to 
model the plastic properties of steel (Johnson and Cook, 1983).  For concrete, the Mohr-
columb plasticity models where used to model concrete as it can correctly represent the 
plastic flow of brittle materials or materials with compressive strength larger than the 
tensile stress such as concrete under shear stress and obtain the failure load. 
 
3.5.2.2.3 Failure and Damage  
Abaqus 6.13 offers a general framework for material failure modelling that allows the 
combination of multiple failure mechanisms acting simultaneously on the same material. 
In ductile materials, the damage failure mechanism is modelled with a scalar damage 
variable presented in Equation 3-2 and 3-3, 
 
𝑑𝑖(𝑖 ∈  𝑁𝑎𝑐𝑡)   3-2 
𝑤ℎ𝑒𝑟𝑒 𝑁𝑎𝑐𝑡 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑡ℎ𝑒 𝑠𝑒𝑡 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑠𝑚𝑠 
With a scalar damage equation of: 
𝜎 = (1 − 𝐷)𝜎      3-3 
𝑤ℎ𝑒𝑟𝑒  𝐷 = 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑑𝑎𝑚𝑎𝑔𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 
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𝜎 = 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 (𝑜𝑟 𝑑𝑎𝑚𝑎𝑔𝑒𝑑)𝑠𝑡𝑟𝑒𝑠𝑠 𝑡𝑒𝑛𝑠𝑜𝑟 𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 
𝜎 = 𝑠𝑡𝑟𝑒𝑠𝑠 𝑡ℎ𝑎𝑡 𝑤𝑜𝑢𝑙𝑑 𝑒𝑥𝑖𝑠𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑎𝑏𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑑𝑎𝑚𝑎𝑔𝑒  
D is equal to 1.0 when the load-carrying capacity of the material is lost.  Any element with 
a value of D =1.0 at any of the integration locations of the element will be removed from 
the mesh (Simulia, 2011). 
3.5.2.2.4  Explosive Materials 
To correctly model an explosive material, the Jones-Wilkins-Lee (or JWL) equation of 
state models was adopted (Dobratz and Crawford, 1985).  This model simulated the 
behaviour of a burn by propagating pressure generated by a chemical energy released 
from an explosive.  To simulate this reaction Abaqus, using the detonation wave speed, 
density of the explosive, the distance of the material point from the detonation points in 
relation to the initiation time of the explosion all were inputted into the material 
property. 
3.5.2.2.5 Ideal Gas 
In a coupled Eulerain-Lagragian analysis the fluid material is Air.  Ideal Gas is used to 
represent any gas that exhibits low pressure and high temperature in Abaqus 6.13.  The 
specific energy of an ideal gas only depends on its temperature. An ideal gas equation of 
state can be written in the form of Equation 3-4 : 
 3-4 
    
where  is the ambient pressure, R is the gas constant,  is the current temperature, 
and  is the absolute zero on the temperature scale being used. Equation 3-5 and 3-6 
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shows an idealization for real gas behaviour and can be used to model any gases 
approximately under appropriate conditions (e.g., low pressure and high temperature). 
 
3-5 
𝐸𝑚 =  𝐸𝑚𝑜 +  ∫ 𝑐𝑣(𝑇)
𝜃−𝜃𝑧
𝜃0−𝜃𝑧
𝑑𝑇 3-6 
where Emo is the initial specific energy at the initial temperature θ0  and cv is the specific 
heat at constant volume (or the constant volume heat capacity), which depends only upon 
temperature for an ideal gas. 
 
3.5.2.3   Elements  
There exists a large library of elements used in finite element analysis ranging from truss 
and beams to shell and solids as shown in Figure 3-6 below.  The same types of elements 
were used for similar components of the cable-stayed bridge models.  
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Figure 3-6-  Types of Elements. 
(Simulia, 2011) 
The family, degree of freedom, number of nodes, formulation and integration of the 
element is used to characterise and name elements in Abaqus.  In stress analysis, the 
truss, beam, shell, solid (continuum), membrane, springs/dashpots, infinite element are 
the most commonly used (Simulia, 2011).  The degree of freedom of the element can be 
translational, rotational, warping, pressure, or temperature oriented.   
Abaqus elements are named in the order of the family, Degree Of Freedom [DOF], number 
of nodes, formulation and integration as shown in Figure 3-7 below. 
 
Figure 3-7:  Element nomenclature in Abaqus. 
The pylons of the cable-stayed bridges were modelled using beam elements in two 
dimension (2D) to account for bending, shear and deformation while shell or solid 
elements were used when modelling them in three dimension (3D).  The deck was 
C3D8R  
          
 
   Integration (Reduced) 
  Formulation (Lagrangian –omitted) 
    Number of Nodes (Eight-8) 
         DOF (3-degrees) 
Family (Continuum/ Solid) 
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modelled using beam elements in 2D while for the 3D models shell, plates and/or beam 
elements were used to account for bending, shear, torsion, twist and deformation. 
Due to the catenary shape and geometric nonlinearity of the cable, cables can be modelled 
using a moment of inertia or special trusses with 3 or 4 nodes trusses to cater for the 
catenary action of the cable.  However, for simplicity in analysis the catenary action of 
cables was accounted for by using a reduced modulus and the cable was modelled as a 
simple truss action in tension.  The cable anchorage was sometimes modelled as 
connectors, however, this made the model more complex and run for a longer time 
period.  
Most software’s have a library of profiles to pick from to input the profile/ cross section 
of the elements such as rectangular, circular, hollow and tee section and lots more 
sections types. 
3.5.2.4 Meshing 
In Finite element analysis the member to be analysed has to be divided into small 
segments to be analysed, which in finite element software’s is termed meshing.   Meshing 
allows for definition of the density, the shape and pattern of the mesh.  The member can 
be divided into either one, two or three dimensional elements as shown in Figure 3-8. 
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Figure 3-8:  Classification of element types.  
(Simulia, 2011) 
The interpolation order of the analysis is dependent on the number of nodes the element 
has.  The formulation of the element is the mathematical theory that defines the elements 
behaviour which could be based on adaptive meshing (Lagrangian or Eulerian), and 
alternative formulations such as hybrid or coupled elements.  Finally, the elements are 
integrated into each other using various integration methods.  The most common method 
is the Gaussian quadrature method (full or reduced integration) (Simulia, 2011).  The 
mesh density was checked using a sensitivity analysis of various sizes to ensure the 
element size is not big or too small leading to discretization errors (Hozjan and 
Kwaśniewski, 2013). 
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3.5.2.5 Cable Pre-stress 
In cable-stayed bridges, the force in the stay is obtained from the sum of the permanent 
and variable loads applied on the deck in the region of the cable.  The cables evenly pick 
up the load on the deck (i.e. half the load of the spans on either side of the deck) which is 
then resolved into the axis of the cable as shown in Figure 3-9. 
 
 
 
  
 
𝐹 =  
(𝐺𝑘 +  𝑄𝑘). (0.5𝑎 0.5𝑏)
sin 𝛼
 
Figure 3-9:  Cable pick-up force. 
To reliably represent the cable behaviour, the cable initial stress must be applied 
correctly.  However, this pre-stress force in cables is not very straightforward to model 
in Abaqus.  As mentioned earlier, for the global analysis in Abaqus, the cables were 
modelled as truss elements with no compression in the members and the pre-stress was 
introduced via the Keywords module and not in the CAE environment.  In the Keywords, 
the pre-stress is defined as Stress INITIAL CONDITIONS.  For Local analysis, the cables 
were modelled as solid elements as bolt loads, which induces tension into the solid cable.   
In Midas Civil it is easier to apply cable pre-stress.  The values can be input into a table 
against the member.   Midas civil also has the function of optimising cable forces to 
determine the cable pre-stress.  
Variable (Qk) 
Permanent (Gk) 
a b 
Force in stay, F 
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3.5.2.6 Loading and Boundary conditions 
Correct input of the loads and assigning the boundary conditions is essential for obtaining 
reliable results from the finite element analysis.  In Abaqus, the cables are loaded with 
uniaxial forces, the deck plates are loaded with uniformly distributed loads as well as 
point loads representing the tandem loads.   
3.5.2.6.1 Blast load modelling  
A number of methodologies have been used to simulate the structure-medium interaction 
during blast loads, one research by (Andreou, Kotsoglou and Pantazopoulou, 2016) used 
“the pure Lagrangian model represent the a pure Lagrangian approach is presented by 
directly applying the blast load pressure onto the structure through means of empirical 
curve-fitting”.  Other options available in software’s today is the use of pure Lagrangian, 
pure Eulerian, Coupled Eulerian Lagrangian, or Arbitrary Lagrangian-Eulerian.  The 
Lagrangian gives a rigid interface therefore not properly representing the flow of air 
around the bridge elements while the Eulerian get interface and tracking errors based on 
the simulation times of the analysis.  Using a combination of the two concepts provides a 
more accurate response of the bridge model to blast load.   
3.5.2.6.2 Fire Load modelling 
In modelling the effect of fire, Abaqus has the option of modelling the effect of the fire into 
the pre-processing stage as a thermal condition inputting the peak pressure as well as the 
spatial and temporary decay.    It also has the acousticload capabilites (Cofer, Matthews 
and Mclean, 2010).  Another option of representing fire during the simulation phase by 
applying the fire as a thermal load either isolated or spread out over elements.  This 
research has chosen the use of thermal load applied to the cable loss location so as they 
represent the fire event occurring after the bridge is fully loaded. However, the option of 
the spread of the fire across cable mirroring a fire burning at deck level and the heat 
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transfer spreading up in a flume is more realistic but has not been considered in this 
research. 
3.5.2.7 Boundary Conditions 
The end supports on the were simplified as pinned and roller supports to represent the 
actual bearing of the deck on a pad which can lead to high stress concentrations in this 
region therefore the ends has to be restricted to be elastic. 
 The Post processing phase 
In the postprocessing phase, the results of the analysis carried out such as deformation, 
stress, strain, pressure, temperature, velocity, acceleration, force, moments, energy, 
failure mode are extracted and properly interpeted for static, modal and dynamic types 
of analysis.  This phase also involves visualisation of deformation shapes, stress 
distributions, response contours and modes shapes. 
 
3.6 Conclusion 
This chapter has provided background information on finite analysis and the major 
aspects that are focused on in the modelling of the cable-stayed bridges which are quite 
complex.  An overview of the finite analysis procedure involving the pre-processing, 
simulation phase and the post processing phase has been discussed which helps the basic 
for choosing the finite element software choosen which is Abaqus 6.13. 
A discussion about the input parametres available for carrying out a finite element 
analysis in ABaqus 6.13  such as the material properties, element types, the concept of 
meshing, cable prestress and load combinations that can be used and their strenghts and 
limitations is also presented in this chapter. 
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Not all aspects of finite element analysis modelling has been covered but the relevant 
sections discussed are those identitifed and used in the preceeding chapters that present 
the models and the numerical simulations validations and analysis of the models and the 
methodology that was adopted for the cable-stayed bridge models to be considered in 
Chapter 4. 
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Chapter 4  
Numerical Simulation of Cable-Stayed Bridge Models 
4.1 Introduction 
Cable-stayed bridges as discussed in Chapter 2 take up various forms in relation to the 
cable arrangement, pylon shape, and cable layout.  Cable-stayed bridges over the years 
have been used for traffic and footbridges as well as railway bridges. Previous research 
has been carried out on the abrupt loss of cables in cable-supported bridges but it has not 
covered the effect of the cable loss event, which this research is focused on.  To determine 
the effect of the cable loss triggering events such as blast and fire on vehicular and 
pedestrian types of cable-stayed bridges three models have been analysed. 
This chapter introduces the models used when analysing the effect of the loss of cable(s) 
on different types of cable-stayed bridges.  Due to the complexity of cable-stayed bridges 
there is a need for the modelling method, analysis methods adopted, initial conditions, 
load application, mesh size and boundary modelling to be correct to increase the 
confidence level and correctness of the structural models.  Furthermore, it is required 
that the modelling method be validated and the analysis method verified.   
4.1 Description of Models 
In predicting the effect of the loss of a cable(s) on a cable-stayed bridges, three types of 
cable-stayed bridges are considered. The first of these was a three span, semi-fan cable 
arrangement cable-stayed vehicular traffic bridge only, with an A-shaped pylon (Model 
A). The second model was a harp cable arrangement cable-stayed H-pylon cable-stayed 
bridge for vehicular traffic, cyclist, and pedestrians with large spacing between the cables 
on the main span (Model B).  Finally, the third model is an I-pylon semi-fan cable-stayed 
footbridge also modelled and analysed for the loss of cable(s) named (Model C).   
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    Model A 
A named cable-stayed bridge carrying a dual carriage highway with a total span of 676 m 
and two planes of stays in a semi-fan pattern stemming from a modified A-shaped pylon 
was the first bridge of choice in this research, as shown in Figure 4-1.   The deck is solely 
held up by the cables which are supported by the pylon.  The cables are made up of 
parallel strands with diameters ranging from 100 mm to 200 mm.  There are 116 cables 
in total with two clear spans measuring 230 m each which are the main spans and two 
back spans of 108 m each.   
The deck, which is 22 m wide, is a composite one with a thickness of 260 mm.  The plate 
girders are at the edge of the deck while the cross beams are at 1.446 m intervals.  The 
pylon has a total height of 98 m with 33 m below the deck level with a curved shaped of 
radius 310 m and the bottom two legs rest on a solid foundation.   
This cable-stayed bridge is unique for the number of spans, its cable inclination, back 
stay arrangement and absence of a cycle or foot path.   
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Figure 4-1:  Layout of Model A - (in metres). 
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    Model B  
This model is based on an existing cable-stayed bridge having a total span 561.15 m, with 
two layouts of stays arranged in a harp shaped pattern as shown in  Figure 4-2.  Two 
I-sections edge girders of 3.1 m depth are 21.5 m apart providing wide support to the 
steel plate deck having a total deck span of 29.30 m.  The I sections are longitudinal beams 
that support the stiffened carriageway and the 3.9 m wide footpath cantilevered from 
both sides, restrained by transverse beams 2.31 m apart.  The pylons are made of steel 
with the cross-section of both pylons have a T-shape externally measuring 7 m by 5 m.  
This bridge was chosen due to the large spacing between the cables, the traffic load it 
carries (vehicles, cyclists and pedestrians) and the cable arrangement. 
 
 
 
 Figure 4-2:  Longitudinal and Transverse Layout of Model B.  
The models have similar support conditions at the ends of the deck.   The pylons are fixed 
at the base.   One end of the bridge is pinned and the other end is on rollers and restrained 
against translation in both the vertical and transverse directions.  The connection of the 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 110  
 
cable to the deck allows rotations and fixes translations between cable and deck as well 
as cable to pylon. 
    Model C 
Model C is an I-pylon, which is a cable stayed footbridge with a semi-fan cable 
arrangement.  As discussed in Section 2.1.3 these forms and layouts have their 
advantages and disadvantages.  The semi-fan cable arrangement is quite a popular option 
owing to its ability to reduce the moment applied to the top of the tower and increase 
accessibility to the cable anchorages at the top of the pylon while for the pylon shape is 
very popular because it allows a clearer and uninterrupted view even though it is not as 
stable as the A or H-pylon.  The bridge has a span of 170 m, and a deck width of 3.5 m as 
shown in Figure 4-3. 
The clear span of the deck is 90 m and the height of the pylons is 25 m with 5 m below 
deck.  The deck section is a steel box section deck known to be stiff.  The deck is connected 
to the pylon.  The pylon is fixed at the base while the deck is allowed to translate in the 
longitudinal direction at one end and pinned at the other end. 
 
According to the Eurocode for traffic loading, the loading applied to footbridges is a UDL 
of 5.0 kN/m2, a service vehicle as an occasional load and a horizontal load with a 
calculated value of 300 kN to account for the excitation to the bridge deck caused by the 
bridge users from walking, running and jogging as this causes the bridge deck to move in 
a different frequency from its natural frequency.   
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Figure 4-3:  Model C - Layout of footbridges  
 (Scale 1:10) 
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4.2   Model Generation 
The parameters that are needed to develop Models A, B and C are discussed in this section 
such as the material properties, elements, cable modelling, loading, load combinations 
and the cable loss triggering events that were adopted for the Models A, B and C.   
The cables, cross beam and main girders were created separately in parts in Abaqus and 
then combined to form a model.  The following where then assigned to the model created.   
- Material properties  
- Elements and sections  
- Boundary conditions  
- Loading  
 
   Material Properties 
Steel and concrete are the materials used for the deck with concrete overlay (composite 
deck) for Model A, while Models B and C have steel decks.  The stays are assigned cable 
material properties and the pylons of Model A and C are made of concrete, while that of 
Model B is made from steel.  The material properties used in a model must be input 
correctly to obtain credible results and correctly represent the material behaviour.   The 
cables are assumed to be linear elastic.  For the correct representation of the material 
behaviour of steel and concrete the elastic and plastic properties are defined.  The Table 
4-1 gives a summary of the elastic material properties adopted for the materials.   
Table 4-1:   Elastic material properties of Model A members 
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Material Young 
Modulus, 
N/mm2  
Poisson’s 
ratio, v 
Density 
kg/m3 
Ultimate 
Tensile/ 
Compressive 
Strength 
(N/mm2) 
Yield 
Strength 
(N/mm2) 
Co-efficient of 
Thermal 
Expansion 10-
6 m/m K) 
Concrete 30,000 0.25 2500 40 
 (compressive) 
 14.5 
Steel 210,000 0.3 7780 470  
(tensile) 
345 12 
Cable 195,000 
(Ernst 
Modulus) 
0.3 7780 1860 
 (tensile) 
1650 12 
For steel and steel wires for the plastic material properties, the Johnson-cook parameters 
for steel are adopted as shown below. 
For Steel:      A- 300 N/mm2, B – 630 N/mm2, C – 0.030, n’ – 0.30,  m’ – 1.0.  
 For steel wires:   A- 1670 N/mm2, B - 375 N/mm2, C – 0.0010, n’ – 0.30,  m’ – 1.0.  
((Johnson and Cook, 1983)) 
The plastic material properties used for concrete is the Mohr-Columb strength 
parameters according to the Eurocode for HM-25 concrete are Cohesion, c: 0.50N/mm2, 
Friction angle:  9°, Tensile strength – 1.71 N/mm2. 
   Elements and Sections used in the models 
The members are modelled as various elements as shown in Table 4-2 (see Appendix A, 
B & C for the calculation/ checks of the bridge) and assigned profile and sections as shown 
in Figure 4-4 below for bottom pylon deck of Model A. The cable elements were modelled 
as trusses with end conditions to allow rotation (rotational releases at each end).  To 
correctly model the cable stiffness and its catenary action trusses a reduced Young 
Modulus was used, even though beams with reduced second moment of areas can be 
used. The choice of trusses over beams or other specialised elements in modelling the 
cables is justified in Section 4.2.2.1. 
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  Figure 4-4:  Dialogue box in Abaqus 6.13 for assigning profile and sections to members. 
The pylons were modelled as beams to correctly represent the bending, buckling and 
shear action of the members.  The deck was modelled using thin shell elements which 
helped obtain the in-plane stresses generated due to the load applied as well as bending 
moments and shears.  Cross beams were modelled as beams which correctly represented 
the bending action of the cross beams supporting the deck. The anchorages in Model A 
modelled as constraints/links while the cables were connected to the deck and allowed 
for rotation but no translation.   
Table 4-2  Elements used to model Cable-stayed bridge elements. 
Member Element 
Cable  Tension only truss 
Deck Shell 
Cross Beam Beam 
Edge Girder Beam 
Pylon Beam 
Anchorage  Links (constraints) 
The Table 4-3 below shows the section profile with dimensions of the members of the 
Models A, B and C.  The section sizes for Model A &C where validated by undertaking a 
design check to ensure the members assigned were adequate (See Appendix A for the 
Design Check). For Model B the section sizes where provided from the as-built drawing 
details 
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Pre-tension was assigned to the cables in Abaqus 6.13 inputting initial conditions of 
stress to the cables and in Midas Civil 2011 as pretension loads.  In Midas civil 2011 the 
pretension forces were computed with the following constraints: zero (0) deflection at 
cable anchorages and little or no moment in the pylons.  For Model B the deck was 
connected to the pylon with a beam. 
In Abaqus 6.13 the models were meshed to discretize the elements however the cables 
where only meshed to have one element (3-noded single truss element).    
 
4.2.2.1 Cable Modelling Validation 
To carry out nonlinear dynamic analysis on the loss of a cable for a cable-stayed bridge, 
it is important to be able to accurately model the behaviour of the cables.  This section 
discusses the method used to validate the cable modelling based on another research. 
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Table 4-3: Geometric Properties of elements in cable. 
Members  Model A Model B Model C 
Deck 260 mm thick 250 mm thick 100 mm thick  
Cross 
Beam 
  
N/A 
Edge 
Girder 
 
 
N/A 
Pylon 
 
 
 
Cross 
pylon 
 
 
 
 
 
 
5m 
7
m
 
3
m
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4.2.2.1.1 Analysis Verification 
To validate the modelling technique that was adopted, a cable of length of 312.7 m 
hanging under its own weight was considered to be subjected to a tensile force of 
17,794N along its length to obtain a sag of 30.48 m, having a modulus of elasticity E= 1.31 
x 1011N/m², cross sectional Area, A = 5.48 x 10-4 m² and weight per unit length, w = 46.11 
N/m.  For simplicity, half of the cable was modelled as shown in Figure 4-5 below. 
 
Figure 4-5  Experimental and finite element model of cable under its own weight subjected to tensile force at 
both ends. 
This model was taken from previous research by Ali et al where isoparametric cable 
elements were used with the equivalent modulus method and compared with a physical 
experiment (Ali and Abdel-Ghaffar, 1995).  Another research investigation compared the 
results obtained by Ali & Abdel-Ghaffar (1995) to results using cable beam elements 
(Karoumi R., 1999). 
This research hereby adopts the elements used by both researchers.  Five different 
models generated in Abaqus 6.13 software with the self-weight of the elements applied 
were used for modelling the cable as stated below: 
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• one bar element with an equivalent modulus of elasticity – Truss with 
tension only 
• 10 bar/truss elements with an equivalent modulus of elasticity. 
• One isoparametric element. 
• 10 beam elements with moment of inertia, I = 1 x 10-4  m4. 
• 10 beam elements with moment of inertia, I = 1 x 10-5 m4. 
For varying values of the tensile force (T), the sag and the longitudinal displacement along 
the cable were determined for each model. The curves shown in Figure 4-7 indicate good 
agreement when comparing the sag/horizontal length ratio to tension/initial tension 
obtained using the isoparametric element from previous research with the results 
obtained in this investigation having an average percentage difference of 1%.  
 
Figure 4-6 – Sag/Horizontal length at various initial tensions for an isoparametric element model. 
 
 
Previous Research 
Current Research 
Isoparametric elememt 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 119  
 
 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
Figure 4-7: Sag/Horizontal length at various initial tensions for 5 different models. 
The figure above shows the ratio of the sag to the horizontal length multiplied by 100 at 
various initial tensions for a cable of length of 312.7 m hanging under its own weight 
having a modulus of elasticity E= 1.31 x 1011N/m², cross sectional Area, A = 5.48 x 10-4 m² 
and weight per unit length, w = 46.11 N/m (Ali and Abdel-Ghaffar, 1995; Karoumi R., 
1999) 
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Figure 4-8:  Displacement/Horizontal length at various initial tensions for 5 different 
models. 
The figure above shows the ratio of the displacement to the horizontal length multiplied 
by 100 at various initial tensions for a cable of length of 312.7 m hanging under its own 
weight having a modulus of elasticity E= 1.31 x 1011N/m², cross sectional Area A = 5.48 x 
10-4 m² and weight per unit length, w = 46.11 N/m (Ali and Abdel-Ghaffar, 1995; Karoumi 
R., 1999). 
4.2.2.1.2 Discussion of result 
Figure 4-6 and Figure 4-7 shows that the sag and horizontal displacement of the cable for 
the five models in respect to the horizontal length. It can be seen that the one element bar 
with an equivalent modulus gives a softer response when compared to the other models 
because it only takes into account the cable sag effect and not the stiffening effect due to 
large displacements.  The second model with 10 bars however is stiffer but still only takes 
into account the cable sag effect which was not adequate.  On the other hand, representing 
the cable by beam elements gives a better representation of the cable-sag effects and the 
stiffening effect due to large displacement but this method is demanding in computation 
time and cost. 
In conclusion, for the analysis n this design, the one bar element with equivalent modulus 
method was adopted for easy and quick computation. 
4.2.2.2    Cable Pretension 
To achieve zero displacement at the anchorage zone under dead load only based with a 
partial factor of 1.0 the pretension force put into the cable by a hydraulic jack is presented 
in in Table 4-4.  This are the forces of the cables for both planes namely North (N) and 
South (S) planes.  The cable pretension forces are applied to the model as initial forces in 
Abaqus 6.13 which were input as keywords termed initial condition.  The force was 
applied to the cable truss elements as stresses in Abaqus 6.13.  
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Table 4-4 – Cable pretension force for Model A. 
 Cable 
Label 
Force  
(kN) 
Area 
(m2) 
 Cable 
Label 
Force  
(kN) 
Area 
(m2) 
 Cable 
Label 
Force  
(kN) 
Area 
(m2) 
 Cable 
Label 
Force  
(kN) 
Area 
(m2) 
CP1 3146 0.00795 CP16 2556 0.00645 CP31 1682 0.00405 CP46 1819 0.0048 
CP2 3513 0.0069 CP17 2832 0.0066 CP32 1850 0.00435 CP47 1657 0.00435 
CP3 3497 0.0063 CP18 3088 0.00675 CP33 2079 0.00495 CP48 1653 0.0039 
CP4 2961 0.006 CP19 3309 0.00705 CP34 2351 0.0054 CP49 1671 0.00405 
CP5 2602 0.00555 CP20 3585 0.00795 CP35 2603 0.0057 CP50 1695 0.00405 
CP6 2309 0.00525 CP21 3379 0.0075 CP36 2858 0.00645 CP51 1889 0.0045 
CP7 2094 0.00495 CP22 3111 0.0066 CP37 3065 0.0066 CP52 2091 0.00495 
CP8 1894 0.0045 CP23 2874 0.00645 CP38 3279 0.0075 CP53 2311 0.00525 
CP9 1690 0.00405 CP24 2600 0.0057 CP39 3658 0.00795 CP54 2595 0.00555 
CP10 1674 0.00405 CP25 2326 0.0054 CP40 3364 0.00705 CP55 2963 0.006 
CP11 1654 0.0039 CP26 2067 0.00495 CP41 3115 0.00675 CP56 3529 0.0063 
CP12 1658 0.00435 CP27 1853 0.00435 CP42 2839 0.0066 CP57 3555 0.0069 
CP13 1823 0.0048 CP28 1694 0.00405 CP43 2550 0.00645 CP58 3173 0.00795 
CP14 2041 0.0054 CP29 1651 0.0039 CP44 2277 0.0057 CP59 1819 0.0048 
CP15 2286 0.0057 CP30 1640 0.0039 CP45 2033 0.0054 CP60 1657 0.00435 
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The prestress forces assigned to the cables for Model B are shown in Table 4-5 , for Model 
C they are shown in Table 4-6 below. 
 
Table 4-5:  Prestress forces for Model B cables. 
 
 
  
 
 
 
Table 4-6: Prestress forces for Model C cables. 
 
 
 
  
Cable Label 
Cable force 
kN Area m2 Cable Label 
Cable force 
kN Area m2 
C1, C16 838 0.001136 C5, C13 838 0.001136 
C2, C15 728 0.001136 C6, C14 728 0.001136 
C3, C15 600 0.001136 C7, C15 600 0.001136 
C4, C14 460 0.001136 C8, C16 460 0.001136 
 
4.2.2.2.1   Cable Prestress Force Check 
To ensure that the pretension forces have been applied correctly, the forces are checked 
on the models by removing one cable and replacing it with a pair of concentrated forces 
of equal magnitude to the force in the cable acting in the direction of the cable removed.  
The maximum vertical displacement at the point where the cable was removed on the 
Cable Label 
Area (m2) Initial force 
(kN) 
Cable 
Label 
Area (m2) Initial force 
(kN) 
A 0.012 804 E 0.012 1020 
B 0.012 1245 F 0.0133 1580 
C 0.0133 2145 G 0.0133 2782 
D 0.0133 3040 H 0.015 3277 
 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 123  
 
deck (Node B) was compared for the complete model and the model with the removed 
cable.  The results are presented in Table 4-2. 
Table 4-7:  Cable Pre-stress Force comparison 
 
 
 
 
There is 0.03% and 0.02% difference between the cable removed and replaced by forces 
and the cable not removed for Model B and C which shows that the pretension forces have 
been applied in an appropriate manner for both software’s used.  A percentage difference 
of 3% was obtained for Model A which is a little higher but still acceptable.  This difference 
is due to the cables in Model A not being connected directly to the deck and pylon 
(connected through links) whereas the cable removed in the two other models have the 
forces connected directly to the deck and pylon. 
 
   Boundary/End Condition 
The pylons were fixed at the base, while one end of the deck was pinned and the other 
end was allowed to expand and compress in relation to the thermal movement of the 
deck.  To determine the limit of the displacement of the deck on the roller supports the 
expansion/contraction distance was calculated as shown in Figure 4-9 below for Model 
A alone (see Appendix A for calculations for Models A).  Models B & C was modelled from 
existing as built information with +/- 10mm movement at the deck ends.  The cables were 
connected to the deck via the anchorage, which was modelled as links.   
The deck was not connected to the pylon in Model A however; the deck was restrained 
from vertical motion at the pylons by bearings but the deck was connected to the pylon 
Model Model type 
Deflection at 
Node B (metres) 
% Difference 
Model A Complete Model 0.912 
3% 
Cable removed 0.937 
Model B 
Complete Model 0.013102 
0.03% 
Cable removed 0.013051 
Model C 
Complete Model 0.0001 
0.00% 
Cable removed 0.0001 
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in Models B and C.  The boundary conditions are assigned as shown in Figure 4-9 below 
for Model A.  Model B and C have also been input in a similar way as Model A. 
 
Figure 4-9 – Input of boundary conditions in to Abaqus 6.13 for Model A. 
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Figure 4-10: Thermal Expansion/ Contraction calculation for Model A. 
 
 
 
12 x 10-6 
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    Loading and Load Combinations 
The load and load combination used on all Models was in accordance with the relevant 
Eurocodes. The permanent actions applied to the Models are the self-weight, surfacing 
and parapet while the variable actions used on all the Models are summarized in Table 
4-8 below with the summary of the Load values shown in and Table 4-9 
Table 4-8:  Variable Actions used on the traffic and footbridges:  Models A, B & C. 
Traffic Load Models Relevance to research  Value 
Road Bridges 
LM1 Yes: leading variable UDL+ tandem system 
LM2 No  
LM3 Yes: Special Vehicle Special Vehicle 
LM4 Yes  Footpath 
Foot bridges 
Uniformly Distributed Load Yes:   Footbridge Load (UDL) 
Concentrated Load NO:  Not frequent 
Service Vehicle Yes:  Accidental loading 
The Load pattern adopted for the global analysis of the bridge models are per the 
Eurocode 1990-2.  Figure 4-11 shows the load arrangement adopted for the traffic 
bridges to give the most critical condition in accordance to Eurocode ((BSI, 2003) 
combining the Load model 1(UDL and TS) with the Load Model 3 (special vehicle SV100) 
and footway loading of 5 kN/m2 which is modified from the alpha correction factors in 
the national annex of the Eurocode 1990-2.  The loads considered are the superimposed 
load, LM1 UDL, TS1, TS2, TS3, SV80, Wind, breaking, and cable loss. 
 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 127  
 
Table 4-9: Factored and Unfactored values for Traffic bridge and load combination 
Traffic Bridge Loading   
  Permanent (kN/m2) Leading Variable 
(kN/m2) 
Accompanying Variable  (kN/m2) 
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Table 4-10: Footbridge load combination factored and unfactored values. 
Foot bridge Loading   
  
Permanent  (kN/m2) 
Leading 
Variable(kN/m2) Accompanying Variable (kN/m2)  
Gk, surfacing Gk2, parapet Qk1 , udl Qk2, Horizontal live on parapet Wind  
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The loading applied was in accordance with the Eurocodes for highway bridges (EN 
1991-1-2, 2002; EC1-2, 2003), for the Strength Ultimate Limit State (STR) and the 
Accidental Limit State (ACC) in accordance to the Eurocode loading combinations for 
group 1 as the worst load combination..  An unfactored UDL of 5 kN/m2 and wheel load 
(tandem system) of a maximum unfactored value of 200 kN was applied. The cable 
prestresses were obtained by applying the permanent loads only with restriction of zero 
(0) deflection at anchorage points.  
 
STR         Ed = {∑ γ𝐺,𝑗𝑗≥1 𝐺𝑘,𝑗 "+"γ𝑝𝑃"+" ∑ γ𝑄,𝑖𝑖>1 ψ0,𝑖𝑄𝑘.𝑖 }, 
ACC             𝐸𝐷 = 𝐸{𝛴𝛾𝐺𝐽𝐺𝑘𝑗 +  𝛾𝑝𝑝 +  𝛴𝛾𝑄,𝑖𝜓2,𝑖𝑄𝑘,𝑖} 
Where Ed = Design Value of Effect of actions,   γG,j= partial factor for permanent actions, Gk,j 
= Characteristic value of permanent actions,   γQ,j = Partial factor for variable action, i.    ψ0,1= 
Factor for combination of a variable action 1,   Qk,i1Characteristics value for a leading 
variable action 1, Qk,i= Characteristic value for an accompanying variable action 1.  A = 
Accidental Action. (EC0, 1990) 
The load arrangement for the bridges adopted to give the worst loading case scenario for 
Models A, B, C is shown in Figure 4-11 below.  Model A will not have the footway/ cycle 
track load while Model C will not have the actions on Lane 1, 2, and 3 and others. The load 
cases considered are load case 1 with full live load on the bridge, load case 2 with live 
load on part of the bridge.  The author also had one lane closed to traffic which having a 
the bridge fully congested with traffic during peak periods. 
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Figure 4-11: Plan view showing typical load arrangement to give the worst effect.  
4.3 StatIc Analysis  methodology 
To obtain the Dynamic Amplification Factorts, the effects obtained for mthe static 
analhysis are to be compared with those from the dynamic analysis.    Having the model 
setup with amm the matrial, element and section properties inputes, the load and 
boundary conditions have to also be inputed into the abaqus model .  the analysis 
parameter have to be set such as the damping ratio and the time step duration. 
 Damping Ratio 
To prevent excessive oscillations after the loss of the cable damping was applied to the 
model.  To obtain the damping ratio a frequency analysis was used to obtain 30 mode 
shapes for all the models.  A sensitivity analysis was carried out to define the number of 
mode shapes is appropriate to use.  10, 30 and 100 mode shapes were carried out and the 
bending mode shapes was identified which was less evident in the analysis with 10 mode 
shapes, evident in the 30 modes analysis and the 100 mode shapes was similar toeh the 
30 modes based in relation to bending response. Therefore the 30 modes shapes was 
chosen.  The first step in carrying in the analysis procedure was to carry out a frequency 
analysis to obtain the natural frequencies of the bridge and mode shapes that affect the 
Cable loss location 
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whole bridge model. The next step was to determine the damping coefficients.  The 
equation governing damping was presented in Section 2.5.7. 
The subspace Eigensolver was used to obtain the eigenvectors for thirty eigenvalues. The 
software requested the input of more parameters to solve the frequency analysis as 
shown in Figure 4-12  below.  This was to obtain the periods of the bridges.  
 
Figure 4-12:  Input box for frequency analysis in Abaqus 6.13. 
The period of the first to modes shapes basedon bending was selected and used to 
calculate the rayleigh damping coefficients to be used in the nonlinear static and dynamic 
analysis.  Ruiz-Teran & Aparicio 2007 in their research  used the average of the mode 
shapes to tdetermine the rayliegh damping coefficients in the mode shape range chosen.  
Rayleigh damping is a material property type of damping that helps regulate separately 
the effect of mass and stiffness on the frequency fluctuation of the structure. To reduce 
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the amplitude of the resonance of the bridge elements that exhibit in the higher frequency 
range in relation to the stiffness of the structure then mass Rayleigh damping can be used.   
The linearity assumption on the damping forces means they are always proportional to 
the velocities, no matter how large the velocities become (Hall, 2005). This problem is 
also addressed by Bernal (1995) and Leger and Dussault (1992). 
Table 4-11:  Frequency, period and damping coefficients for Model A, B & C. 
Model Frequency Period Mode 
Shape 
Rayleigh Damping coefficients 
Material Α Β 
Model A  
 
0.53181 1.90 Mode 
shape 2 
Cable 0.04636 0.04636 
Model B  
 
0.785 1.27 Mode 
Shape 3 
Cable 0.00821 0.04636 
Model C  
 
13.041 0.48 Mode 
Shape 7 
Cable 0.05235 0.00712 
The Table 4-11 above shows the mode shapes that affect the whole structure with the 
damping coefficeints obtained.  
 
4.3.1.1 Static Model Verification 
4.3.1.1.1    Equilibrium check 
The loads applied on the bridges were compared against the reaction at the supports to 
ensure that the bridge is in equilibrium.  The results obtained are presented in Table 4-12 
below which shows a percentage difference of 0% in Midas Civil and Abaqus.  
 
Table 4-12:  Equilibrium check 
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4.3.1.1.2 Cable Stress Limit Verification for static analysis 
The cable-stress fatigue limit is 45% of the ultimate tensile strength of the cable in a 
cable-stayed bridge.  Since the numerical model’s A and B are of existing bridges the 
stress in the cable is checked after loading the bridge to ensure it does not exceed the 
limit.  All stresses in the cables are below 45% of the ultimate tensile strength of the cable.  
This research does not consider the fatigue issues during cable breakage. 
4.4 Models generated 
After inputting, all of the above geometric and material properties as well as values for 
loads and boundary conditions the model was completed by specifying the output 
parameters required.  
The view of Model A in Abaqus 6.13 is shown in Figure 4-13 as well as in Midas Civil 2013, 
see Figure 4-14.  Model B’s completed Abaqus model is shown in Figure 4-15 while its 
Midas Civil’s model is shown in Figure 4-16.  Model C’s view in Abaqus is shown in Figure 
4-17.  These models are in the global coordinate system.     
  Hand Calculation 
Total Load 
Midas Civil 2013 Abaqus 6.13 
Model A 
Total Load (kN) 
192000000 
191728000 191728000 
Reaction (kN) 191728000 191728000 
Difference 0% 0% 
Model B 
Total Load (kN) 
182600 
182602.12 182602.12 
Reaction (kN) 182602.12 182602.12 
Difference 0% 0% 
Model C 
Total Load (kN) 
15000 
15085 15085 
Reaction (kN) 15085 15085 
Difference 0% 0% 
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Figure 4-13:  Figure showing Abaqus 6.13 model of Model A. 
 
Figure 4-14: Figure showing Midas Civil 2013 Model A. 
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Figure 4-15: Figure showing Model B in Abaqus 6.13. 
 
Figure 4-16: Figure showing Model B for in Midas Civil 2011. 
 
Figure 4-17:  Figure showing Model C modelled in Abaqus 6.13. 
Y X 
Z 
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4.5 Modelling Cable Loss Triggering Events 
This research aims to obtain the structural effect of a cable lost to a cable loss triggering 
events such as blast and fire as well as a generic sudden loss profile.  Two events are 
covered namely blast and fire, which were compared against the code recommended 
method of using a Dynamic Amplification Factor.  
   Cable Loss Location 
To obtain the response of the models to the loss of a cable by triggering events (blast and 
fire) two cables namely: the longest cable and the backstay were chosen.  The static 
analysis shows that the longest cable and the backstay are both highly stressed.  The loss 
of the backstay which is the cable that stabilizes the forces in the internal cable is very 
crucial – in accordance to the (Mozos and A. C. Aparicio, 2010) who stated in their 
research that the loss of the back-stay leads to the overstressing of the main span cables 
and the pulling thus bending of the pylon.  The longest cable however has the largest 
inclination therefore will have the high stresses and been more exposed that the other 
internal cables.  
The cables lost are on the south plane for Models A and B.  Further research can be carried 
out on the effect of the loss of other cables. 
The Table 4-13 shows the summary of the cables lost and their label for all models.  The 
Figure 4-18 below shows the location of the cable lost for Model A, B & C.  
 
 
Table 4-13:  Cable loss location for Modals A, B and C. 
Model Cable lost label for lost cable Node label 
Model A 
Back Stay CP1  -South A 
Longest Cable CP21 -South B 
Model B 
Back Stay C8 -  South A 
Longest Cable C1  - South B 
Model C 
Back Stay CB1 -  South A 
Longest Cable CB9  - South B 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 137  
 
 
 
 
 
 
 
 
 
 
 Figure 4-18: Sketch showing location of cable lost on Model A, B & C 
 
 
 
Node A 
CP1 lost 
Node B 
C8 lost 
Node A 
C1 lost 
Node A 
CB1 lost 
Node B 
CB9 lost 
Model A showing the cable loss location. 
Model B showing the cable loss location. 
Model C showing the cable loss location. 
Node B 
CP21 
lost 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 138  
 
4.5.1.1 Cable Loss Simulation In Abaqus 
Abaqus has a few options to simulate the cable loss scenarios. 
- Option 1  -  Using the Element Deletion command to simulate a total loss the whole 
cable during the analysis after the bridge has been fully loaded. 
- Option 2  - Representing the cable force with two uniaxial forces along the plane 
of the cable and reducing the force to zero over a finite time to represent the cable 
loss. 
The second option was used in this research because it allowed the amplitude of cable 
loss triggering event such as blast and fire to be incorporated into the cable force loss.  
4.6 Dynamic analysis for accidental loss modelling  
To carry out the dynamic analysis of the cable-stayed bridge models for the loss of 
cable(s) due to fire and blast, these events have to be modelled correctly into Abaqus in 
order to obtain a close to real-life representation of these failure events in these 
simulations. 
 Simulation of cable loss triggering events 
The loss of a cable to blast and fire are the loss scenarios considered in this research 
which are them compared to the loss of cable(s) using the quasi-static analysis method 
recommended by codes and guidelines.  This section will describe how this loss scenarios 
where represented in the Abaqus finite element analysis software. 
The modelling of the extreme loads considered in this research - blast load and fire which 
are not easy to model are determined and validated. 
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4.6.1.1   DAF Simulation 
The DAF method was applied to the model by replacing the cable to be lost with a force 
twice the cable force in the opposite direction of the cable tension at the ends of the cable 
-2F according to the PTI recommendation.  The first opposing force equal to the cable 
force -F effectively removes the cable using the principle of superposition while the other  
-F is to replicate the dynamic impact factor of a 100% (Zoli and Steinhouse, 2007). 
However, the Eurocode recommends that the cable force to be removed is achieved by 
applying the cable force in the opposite direction and the effect of the stable state is 
subtracted from the effect when the cable is removed by superposition which is then 
amplified by a factor of 1.5. 
 
 
Figure 4-19: Cable loss simulation using DAF method.  
The PTI method was used in this research as this is widely used by other researchers 
working in this area. 
  Blast Simulation 
FT 
2FT 
2FT 
FT 
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In previous research, cable loss as been modelled by suddenly cutting of or deleting the 
cable from the finite element model without considering the effect of the event that led 
to the loose of the cable (Fu, 2016) .  This research hereby takes this a step further to 
determine the effect of the loss of a cable due to blast as opposed to the sudden loss or 
deletion of the cable which will have a more dynamic effect. 
The detailed model of blast load is very complex as described in Section 2.5.5.3, the 
pressure – time profile is shown in the graph below with the pressure moving from the 
positive specific impulse to the negative specific impulse phase – see Figure 4-20.  For 
engineers and designers to be able to easily model the blast profile, a simplified profile 
shown inError! Reference source not found. below is widely used for buildings.   The 
profile is there by difference then the pressure of ignition pressure increase in higher due 
to the materials of the explosive and the location of the explosive.  Air blast as discussed 
in Section 2.5.5.3 has a different response a combination of the incident wave and 
reflective wave which is generated immediately the incident wave hits the ground.   To 
determine the blast profile to use in this study a CFD analysis of a cable lost to 100 kg of 
TNT was modelled in Abaqus using two methods as discussed in the next section. 
 
 
 
 
 
Figure 4-20: Blast profile (UFC, 2009). 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 141  
 
4.6.2.1 Blast modelling Approach 
To determine the blast profile to be used to model the loss of cable due to blast two 
common approaches have been adopted to model blast, namely: 
• Simplified application of blast air pressure only. 
• Application of pressure via air propagation. 
The air and explosive materials (TNT) are defined using the ideal gas Equations Of State 
(EOS) and Jones-Wilkins-Lee (JWL) material model respectively (described in section 
3.5.2.2.3).  The equation of state was used to define the pressure of a material as a function 
of the internal energy and density.  In modelling the effects of blast, both the material 
properties of TNT and Air have been used in previous research as shown in Figure 4-21 
below (Tang and Hao, 2010). 
 
Figure 4-21:  Material properties for Air and TNT. (Tang and Hao, 2010). 
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4.6.2.1.1 Simplified Application of Blast Air Pressure Only 
The application of blast air pressure only is the simplest approach, which entails the use 
of the standard air blast curves from the Unified Facilities Criteria (UFC) to obtain the 
parameters, required for defining reflected pressure and reflected impulse taken from 
the relationships obtained from empirical tests and experiments undertaken on building 
structures.  These relationships have taken into consideration the shock function of 
distance, weight of explosive, location and type of explosive.   
The value obtained from the graph was then used to calculate the pressure on the plane 
considered.  The Conventional Weapon software was developed from this principle 
(ConWep) which was applied to the defined point of detonation without any need for the 
blast wave to be propagated.    A 1000kg of the TNT was inputted into the properties of 
the ConWep equivalent to a car fully loaded with explosives in similar to the quantity 
used by Aoki et al. 2014 in his research. 
Model Description 
A cable of 100 mm diameter and length of 40 m was modelled as shown in Figure 4-22 
with the cable properties defined in Section Table 4-1.  A 3D stress element with 8-node 
linear hexagonal shaped bricks with reduced integration and hourglass control (C3D8R) 
was used for the cable elements having the cable pinned at both ends. 
  
Figure 4-22:  Cable modelled in Abaqus 6.13. 
Detonation point (0, 0, 1 from 
cable lower end)  
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The ConWep was predefined into Abaqus as an air blast wave which was the scaled 
standoff distance as shown in Figure 4-23 and a mass of 1000kg of TNT which releases 
about 4.184megajoules of energy with detonation time of 0.017 seconds incident wave 
as shown in Figure 4-23.   The blast load was then applied at the detonation point and the 
cable surface was chosen as the target surface. 
  
Figure 4-23: Abaqus ConWep parametres. 
Just as decribed in Section 3.5.2.5 the cable pretension was applied as a bolt load with a 
value of 3316 kN.  A gravity load was also applied to the cable to cater for the self weight  
-9.81 kN/m2.  A dynamic explicit analysis was run for 1 millisecond to obtain the response 
of the cable to the explosion as shown in Figure 4-24. 
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Figure 4-24: Von Misses Stress distribution in the cable after detonation, 
4.6.2.1.2 Application of pressure via air propagation. 
The other method of air propagation involves the modelling of the air flow around the 
structure and detonation point to correctly represent the propagation of the blast wave.   
In Abaqus, this can be undertaken by using computational fluid dynamics (CFD) or by 
using Coupled Eulerian –Lagrangian (CEL) methods.  The CFD analysis method models 
the air flow around the structure in the Abaqus CFD domain and then integrates its 
motion on the structure to propagate the blast wave while the CEL is modelled in Abaqus 
Standard/Explicit.  The structure is surrounded by Eulerian elements.   
Model Description 
The same model used for the simplifies option was used having a cable of 100 mm 
diametre and length of 40 m and an air block of 100 m2 as shown in Figure 4-25 with the 
cable properties shown in Table 4-1. The cable was meshed using C3D8R elements as well 
as the Air model with an 8 node linear Eulerian brick element: EC3D8R for the air block.  
The cable was assembled to lie totally in the air block as shown in Figure 4-26. 
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Figure 4-25:  Cable and Air models in Abaqus 6.13 
 
Figure 4-26:  Cable Element totally embedded in the Air model. 
The air material properites as defined in Figure 4-21 were used for the air block material 
which allowed free flow of air and the materials in the zone (viscous) but the air block  
fully retrained in all directions.  Cable pretension was applied as a bolt load of 3316 kN 
and self weight as a gravity load.  A dynamic explicit analysis was run for 1 millisecond to 
obtain the response of the cable to the explosion as shown in Figure 4-27. 
  
Figure 4-27: Stress distribution in the Cable due to blast. 
Detonation point (0, 0, 1 from 
cable lower end)  
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4.6.2.1.3 Results  
The force at the end of the cable was obtained over 0.001 seconds for the two methods of 
analysis as shown in Figure 4-28.  The response shows the two methods have a very 
similar behaviour. However, the air propagation relationship shows a smoother 
response.  The presence of prestress in the cables means the force does not start from 
zero.  Therefore, the air propagation method was used to obtain the amplitude of the 
cable lost due to an explosion when varying the location of the triggering event. 
  
Figure 4-28:  Graph showing the Force at the end of cable over time in seconds.  
4.6.2.2 Blast summary 
The blast profile was applied to the model as described in the Section 4.6.2 above.  In 
Abaqus, the cable was lost due to blast after the bridge was fully loaded. This was done in 
stages to replicate the real-life occurrence in its correct progression.  The stages are called 
steps in Abaqus, and the steps of load application used in this research are  
- Step 1:  The cable pretension was applied in the pre-processor stage  
- Step 2: Full load was first applied to the bridge in the analysis step for the period 
of the bridge.  
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- Step 3:  The cable was lost due to blast using the blast load function chosen.  
Blast load profile to use in this research is generated by equating the initial fore as having 
a magnitude of 1 and dropping the amplitude of the cable force to zero at the time of when 
the force in the cable reaches the ultimate tensile strength at the same rate/ slope over 
the same time as shown in Figure 4-29. 
 
Figure 4-29- Amplitude derived from cable force increase to failure in blast analysis 
   Fire Simulation  
To simulate the fire profile as described in Section 2.5.5.4, a thermal load in Abaqus 
named concentrated heat flux (*CFLUX) was used to model the effect of fire localised to 
the point of cable loss.  Various methods have been used to model the effect of fire on 
bridge, an example is the research by .  Another researcher used the Fire Dynamic 
Simulator to simulate the behaviour of the bridge  responding to the effect of real fire 
which was based on a measured after-fire data (Xu, 2015). 
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The fluming of the fire and the effect of the temperature rise on the cables above and 
around the zone where the thermal load representing the fire is applied is not considered 
in this research. This is can be modelled using the body heat fluxes applied on element 
faces or surfaces where in the heat magnitude and distribution can be defined.   However, 
it is important to note that the rise in temperature will reduce the yield stress, young 
modulus and area of the remaining cables above and around the cable lost due to fire as 
discussed in section 2.5.5.4. 
The thermal load  - concentrated heat flux was applied at the node of cable loss.  The 
degree of freedom of six (6) which allows the heat of the fire to spread in all directions 
and the magnitude of the heat flux (1200°C) was defined to represent the maximum 
tepmdprature of the fire.   This was applied in the analysis step for temperature increase 
and applied it to the node A and B ( node connection the backstay and longest cable 
repsectively to the deck)  to model the fire causing the backstay and longest cable to be 
lost   
4.7   Cable loss relationship relative to the natural period 
Finally, to establish the likely rupture time of the cable members used in a typical cable-
stayed bridge in relation to the natural period of the bridge, the cables identified in 
Section 4.5.1 (backstay and longest cable were lost over a period of times in relation to 
the natural period of the Models A , B & C). 
The Figure 4-30 below shows the ratios considered for the cables to be lost in relation to 
the period of the bridge which is termed Tass.  (1, 2, 3, 0.1 and .01).  The cable was not lost 
instantly and was fully loaded in a steady state over a period, Tass and then the cable was 
lost in relation to the bridge period.  
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Figure 4-30: Cable loss profile in relation to the period of the bridge - Tass.  
4.8 Conclusion 
The most appropriate element to be used for modelling the cables was verified. The 
section sizes were validated.  The limit of the displacements for the boundary on the deck 
roller supports obtained.  For the extreme events the most appropriate analysis method 
was validated. The major cable extreme loss triggering event considered was the blast 
and it was compared to the response due to the loss due to fire.This will provide a basis 
and guide to determining the effect of extreme events on Models A, B and C which is 
presented in the next chapter, Chapter 5. 
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Chapter 5  
Results and Discussion of the  structural response of 
Models A, B & C to extreme events  
5.1 Introduction 
Obtaining the effect of the loss of cable(s) on traffic bridges it is very important to 
understand the severity of the event that lead to the loss of a cable. This will help in 
planning against extreme events on these large and highly vulnerable structures.   
This research considers the structural response of vehicular and pedestrian traffic cable-
stayed bridges to the loss of cable(s) to cable loss triggering events like blast and fire. 
Also, determining the DAF for the various cable loss scenarios and obtaining the 
relationships between the period of the bridge the cable loss time. 
This chapter contains three separate sections which presents and discusses the results 
for the three models -Models A, B and C as introduced in Chapter 4.  The results for the 
models are compared in Chapter 6.  Followed by Chapter 7 which then presents a 
discussion of the results and gives recommendations on the research followed by 
suggestions on possible future work. 
This chapter presents the results of the response of the traffic bridge models - Models A, 
B and C to the loss of cable(s) due to extreme events using the quasi-static method 
recommended by the codes/guidelines.  Furthermore, results of the dynamic analysis for 
the loss of cables due to blast is also obtained in this chapter.  The cable is also lost at 
varying times in relation to the bridge natural period, then the effect of the loss of a cable 
to fire were also assessed.  Finally, the Dynamic Amplification Factor (DAF) for all the 
cable loss scenarios was calculated. 
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Following the presentation of the results in chapter five for the three models considered 
in this research namely Model A, B and C, the results obtained are discussed in this 
chapter.   
The results discussed are based on the structural response of the model to the loss of 
cable(s) to blast primarily when the backstay and longest cable were lost during the 
application of permanent load, variable load in accordance to Eurocode loading (group 
1) –“full load”.  The effect of the loss of a cable on the other members of the bridge are 
analysed and the loss of two cables which is a possibility is also presented.  Also, the effect 
of the loss of a cable due to fire was examined.  The effect of cable loss time in relation to 
the period of the bridge was also examined to establish a relationship between the time 
the cable is lost with the natural period of the bridge.  After which, progressive collapse 
checks were carried out on all three models A, B and C for the cables due to the loss of the 
backstay and the longest cable on the bridges.  Finally, the DAF was calculated for the 
structural response of the cables, deck, cross girders, longitudinal girder and pylon to the 
cable loss scenarios considered for the loss of the backstay and the longest cable.  The 
results showing the effect during blast is 0.0005 seconds from the detonation of the bomb 
period which is in the positive phase. 
These results presented in chapter 5 for the Models A, B and C are discussed individually 
in this chapter and then a comparison of the results across Model A, B and C is also given. 
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The summary of the results and topology followed in this research is presented below. 
 
Figure 5-1:  Topology of research results details and process 
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5.2 Results for Model A 
The results presented in this section show the structural response of Model A to the loss 
of cables due to different cable triggering events. 
 The effect of the cable lost due to blast on Model A 
The global deformation of Model A as well as the Von Mises stress distribution when the 
bridge is fully loaded with live load LM1 – (UDL -5.5 kN/m2 and TS1, TS2 and TS3) during 
which the backstay CP1 is lost to blast.  The stress distribution is measured in Newton’s 
per metre square as obtained directly from Abaqus 6.13 is shown in the Figure 5-2 below 
for the loss of the backstay cable CP1.  The cable lost is the backstay along the south plane 
of the bridge.   The deflected shape is presented in the global coordinate system. 
 
Figure 5-2:  Deformed shape of Model A with cable CP1 lost on the south side (stress units in 
N/m2) 
While, the deformed shape of Model A and the the Von Mises stress distribution to the 
loss of the longest cable CP21 along the main span along the south plane of the bridge is 
shown in the Figure 5-2 below.  The bridge is fully loaded with live load LM1 – (UDL -5.5 
kN/m2 and TS1, TS2 and TS3) when the longest cable CP21 is lost to blast.  The stress 
CP1 lost 
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distribution is measured in Newton’s per metre square as obtained directly from 
Abaqus 6.13 is shown in the Figure 5-3 below for the loss of the backstay cable CP1.  
The cable lost is the backstay along the south plane of the bridge.   The deflected shape 
is presented in the global coordinate system   
 
Figure 5-3:  Deformed shape of Model A with cable CP21 lost on the south side of the pylon 
(stress units in N/m2) 
5.2.1.1   The Effect of individual cable loss on the other cables  
The effect of the loss of the backstay and the longest cable on the other cables in Model A 
is observed via the stresses redistributed into the remaining cables.  
5.2.1.1.1 Backstay lost 
The effect of the loss of the backstay cable CP1 on the remaining cables is presented in 
Figure 5-4 below for Model A 
CP21 
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Figure 5-4:  Effect of the loss of the backstay CP1on the remaining cables in Model A. 
Figure 5-4 above shows the stresses in some of the remaining cables on Model A when 
the cable CP1 (backstay) was lost to blast, where the stresses are measured in Newton’s 
per square millimetre over a period of 10 seconds.  With the bridge fully loaded, the 
stresses were obtained from a dynamic explicit analysis for losing the cable CP1 to blast 
using the blast amplitude presented in Section 4.6.2.  Full load, according to the Eurocode, 
was initially applied over 1.9 seconds after which the cable CP1 was lost to blast are 
plotted from origin.    
Discussion of results 
The loss of the backstay is shown to redistribute its stress to other cables along the span 
causing the cables in the middle of the first plane and the cables on the outer side of the 
second plane to have the highest stress shown in red in Figure 5-2.    
-200
0
200
400
600
800
1000
0 1 2 3 4 5 6 7 8 9 10
St
re
ss
 in
 C
ab
le
 (
N
/m
m
2 )
Time (seconds)
CP1 NORTH CP21 SOUTH CP61 SOUTH CP10 SOUTH CP20 SOUTH
CP2 NORTH CP25 SOUTH CP29 SOUTH CP6 SOUTH
CP1 lost 
 
900 
 
 
 
 
600 
 
 
 
 
300 
 
 
 
 
St
re
ss
 in
 C
ab
le
 (
N
/m
m
2 )
 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 156  
 
The result in Figure 5-3 shows the stress in cable CP6 and CP25 to be the cables with the 
highest stress increase which are both cables in the middle of the first and second planes 
of the cables.  The stresses in the cable CP6 which is in the same plane as the backstay 
which was lost has a maximum stress of 900N/mm2.  The cables CP10 and CP29 which 
are the closest cables to the pylon on the first and second plane respectively have the 
lowest stress increase due to the high inclinations in the cables.  It is interesting to note 
that the stress redistribution due to the loss of the backstay CP1 on the other backstay, 
the closest cable and longest cable in the second plane have similar stress patterns.  
 
5.2.1.1.2 Longest Cable lost 
The stresses in the other cables when the longest cable CP21 was lost is also determined 
for Model A.  The stresses were measured in Newton’s per square millimetre over a 
period of 10 seconds as shown in Figure 5-5.  These stresses which are plotted from origin 
were obtained from a dynamic explicit analysis while losing the cable using the blast 
amplitude presented in Section 4.6.2.  The full load, according to the Eurocode, was 
initially applied over 1.9 seconds after which the cable CP1 was lost to blast. 
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Figure 5-5:  Effect of the loss of the longest cable CP21 on the remaining cables in Model A. 
Discussion of results 
When the longest cable was lost, the cables that are most stressed are the closest cables 
to the cable lost as shown in Figure 5-2.  The closest cables to the longest cable lost 
labelled CP22 and CP21 on the north plane which are adjacent to the cable lost with an 
initial stress of 659N/mm2 have the highest stress redistributed to it when the loss of the 
longest cable CP21was lost due to blast.  The stress increased up to values close to 
800N/mm2 which is below the breaking stress of a cable.   
The loss of the longest cable due to blast also impacted the adjacent cable CP20N which 
had an initial stress of 389.95/mm2 leading to a stress increase of 60%.   Similarly, like in 
the loss of the back stay, the stresses in the cable closest to the pylon - CP10 with initial 
stress of 176.22N/mm2 has the lowest stress increase due to the loss of the longest cable 
to blast with values as low as 37% as show in in Figure 5-5.   
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Typically, there is an increase in stress redistributed due to the loss of a cable when 
comparing the stress in cables CP1 (backstay) and CP21 (longest cable in mid-span) in a 
fully loaded state of the bridge to when the stresses when the cable is lost. 
The stress is redistributed to more cables when the backstay is lost as opposed to the loss 
of the longest cable and with loss of the backstay having more cables in colours other than 
blue as shown in Figure 5-2 when compared to the loss of the longest cable as shown in  
Figure 5-3 with more cable in the third plane and some on the second plane with not 
stress redistributed to them.    However, the stress increase is larger when the longest 
cable was lost due to blast when compared to the loss of the backstay cable as the 
maximum stress when the longest cable CP21 was lost is 963N/mm2 while for the loss of 
the backstay cable-CP1 was 798N/mm2. 
5.2.1.2 Effect on the cable to deck connection point 
The effect of the loss of the cables considered in this research on the cable to deck 
connection point (Nodes A & B as described in section 4.5.1) is presented using the 
vertical displacement of the node over a period of 10 second for the loss of cables CP1 
and CP21 respectively as shown in Figure 5-6 and Figure 5-7.  The cable is lost after the 
bridge is fully loaded for 1.9seconds via a non-linear dynamic explicit analysis. 
 
Figure 5-6: Vertical Displacement of Node A when cable CP1 was lost to blast.  
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Figure 5-7: Vertical Displacement of Node B when cable CP21 was lost to blast 
5.2.1.2.1 Discussion of results 
The results given in Figure 5-6 and Figure 5-7 shows the vertical displacement of the 
Nodes A and B (which are the nodes at the connection of the lost cables to the deck) when 
the cables CP1 and CP21 are lost due to blast respectively.  The displacement at the 
connection between the cable and the deck was large – 2.3 meters when the longest cable 
CP21 was lost when compared to the vertical displacement when the backstay is lost 
which was 0.04 meters (40 mm).   
 
 
Figure 5-8: Location of cable-deck connection for loss of backstay-CP1 & longest cable -CP21 
The backstay is 1.5 meters away from the end support therefore the deflection at Node A 
(the deck-cable connection point) as shown in Error! Reference source not found. 
above was minimal having a maximum deflection of 40 mm.  The longest cable CP21 lost 
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on the other hand doubled the unsupported span therefore leading to bigger deflections 
of up to 2.3 metres at 0.6seconds post-blast hereby reducing the serviceability of the 
bridge.  
5.2.1.3   Effect of selected cable loss on cross beams 
The distribution of the bending moment in the cross beam located at the region where 
the cable was lost which is the connection of the cable to the deck at the backstay and 
along the span of the bridge Model A is shown in Figure 5-9 below.  
 
Figure 5-9:  Bending moment in the cross beam at Node B where cable CP21 was lost to 
blast. 
The above figure - in Figure 5-9 shows the bending moment in the cross beam at the point 
of cable loss just before the blast, during the blast and 5 seconds after the blast. The 
loading on the deck at time of cable loss is full live loading for 1.9seconds by a dynamic 
explicit analysis.  The cable lost is the longest cable in the model along the south plane 
labelled CP21.  
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Figure 5-10:  Bending moment in the cross beam at Node A where cable CP1 was lost to 
blast. 
The moment in the cross beam when the backstay was lost is also presented in  Figure 
5-10 above showing the moment in the cross beam measured in kilonewton metres over 
the span of the cross beam measured in metres.  The cable was lost to blast using the 
simplified blast profile undertaking a nonlinear dynamic explicit analysis.  
The vertical displacement of the cross beam when the backstay and the longest cable 
were lost due to blast are shown in the Figure 5-11 and Figure 5-12 respectively. 
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Figure 5-11:  Displacement in the cross beam at Node A where cable CP1 was lost to blast 
 
Figure 5-12:  Displacement in the cross beam at Node B where cable CP21 was lost to blast 
5.2.1.3.1 Discussion of results 
Bending Moment 
The maximum bending moment in the cross beam at the point of cable loss is higher after 
the blast – (Backstay lost - 740 kNm at 6 m from Node A, longest cable lost - 570 kNm at 
1.9 m from Node B) than before the blast (Backstay lost - 965 kNm at 6 m from Node A, 
longest cable lost - 510 kNm at 1.9 m from Node B).   The bending moment in the cross 
beam when the longest cable – CP21 was lost due to blast caused the experience both an 
uplift close to the location of cable loss and then a sag on the other side as shown in Figure 
5-9.   The cross beams which are required to increase the stiffness of the deck will not 
serve this purpose at the lost cable positions making the deck less stiff and more 
vulnerable to progressive collapse by unzipping.   The bending moment in the cross beam 
where the longest cable was lost is higher around the zone of cable loss as shown in Figure 
5-9 as expected. 
When the backstay was lost due to blast as shown in Figure 5-10 there is an uplifting of 
the cross beams at 6 meters from the cable deck connection, which is due to the closeness 
of this cross beam to the end of the main beam which is pinned to the bridge supports.    
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Displacement 
The displacement of the cross beam when the backstay CP1 was lost due to blast was 
highest during blast with a value of 31 mm at 9.5 m from Node A and lowest pre-blast 
with a deflection of 23.5 mm at 9.5 m from Node A.   The displacement post-blast was 27 
mm which was lower that the displacement during blast as shown in Figure 5-11. 
The displacement similarly when the longest cable was lost due to blast is highest during 
blast with a maximum displacement of 930 mm at the Node B while the displacement 
before and after blast are both around 890 mm highest at the Node B where the cable 
CP21 was lost as shown in Figure 5-12.  The cross beam tilted to the side of cable loss 
when the longest cable CP21 was lost also the cross beam show movement during blast 
due to the extra flexibility at the support as the cable CP21 thus inducing stiffness was 
lost at Node B. 
When the longest cable CP1 was lost due to blast as shown in Figure 5-12 the 
displacement in the cross beam closest to the lost cable increases at 9.5 m from the Node 
A from 24 mm prior to blast to 30 mm post blast. 
5.2.1.4   Effect of selected cable loss on the longitudinal girder. 
The moment, shear and displacement of the longitudinal girder along the plane wherein 
the cable is lost as shown in the figure below is presented in this section for the two cable 
loss scenarios which are the loss of the backstay and the loss of the longest cable along 
the main span.   
 
Figure 5-13:  The longitudinal girder along the plane on which the cable was lost  
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The bending moment in the longitudinal girder when the backstay was lost is presented 
in Figure 5-14 below.  The bending moment which was measured in kilonewton metre 
over the span of the bridge which was measured in metres was obtained when the 
backstay is lost after the bridge was fully loaded for 1.9 seconds using a dynamic explicit 
non-linear analysis.   The bending moment in the longitudinal girder due to the loss of the 
backstay to blast is shown in Figure 5-15  
The shear force in the longitudinal girder when the backstay was lost due to blast is 
presented in Figure 5-16  while that for the loss of the longest cable CP21 is presented in 
Figure 5-17.  The shear force was measured in kilonewtons over the longitudinal span of 
the bridge under the same loading conditions as that used to obtain the bending moment.   
 
Figure 5-14:  Bending moment in longitudinal girder due to the loss of backstay CP1 to blast 
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Figure 5-15: Bending moment in longitudinal girder due to the loss of longest cable CP21 to 
blast 
 
Figure 5-16: Shear force in longitudinal girder due to the loss of backstay CP1 to blast 
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Figure 5-17: Shear force in longitudinal girder due to the loss of the longest cable CP21 to 
blast 
 
Figure 5-18: Vertical displacement in longitudinal girder due to the loss of the backstay CP1 
to blast 
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Figure 5-19: Vertical displacement in longitudinal girder due to the loss of the longest cable 
CP21 to blast 
The figures above namely: Figure 5-18 and Figure 5-19 respectively show the vertical 
displacement of the longitudinal girder when the two cable loss scenarios namely the loss 
of the backstay and longest cable was considered.  The displacement is measured in 
metres over the longitudinal span of the bridge which was also measured in metres.  The 
cables lost were analysed using a dynamic explicit analysis while the bridge was fully 
loaded.  The three time frames wherein the bending moment, shear and vertical 
displacement are presented are just before the blast, during the blast and 5 seconds after 
blast.  
5.2.1.4.1   Discussion of result 
Bending moment 
Figure 5-14 shows the bending moment in the longitudinal girder due to the loss of the 
backstay CP1 due to blast. The highest bending moment of 8,215 kNm was obtained after 
the blast with the bending highest in the region of cable loss which is 40% higher than 
the bending moment before blast which is due to the cable arrangement around the end 
of the bridge as the backstay is 1.5 m away from the end of the bridge.  The bending 
moment is highest around the location of cable loss which is the backstay CP1 considered.  
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Interestingly the bending moment is also high around the other backstay about 15% 
lesser than the bending moment around the backstay considered –CP1.  The bending 
moment peaks at the support of the deck over the pylons due to the tandem system 
wheels present at that pylon location – (live loading) as it moves along the bridge deck.   
The loss of the longest cable CP21 to blast shows the bending moment during blast – 
(26,500 kNm maximum) as the highest and after blast (19,215 kNm maximum) relatively 
higher than the moment before blast (18,875 kNm). The bending moment as shown in 
Figure 5-15 is highest around the cable CP21 which was lost.    Similarly, to the loss of the 
backstay the moment was highest in the region of the cable loss as shown in Figure 5-15. 
5.2.1.4.1 Shear Force 
Figure 5-16 shows that there is a spike in the shear force at the backstay when the 
backstay was lost because the backstay is not attached to the end of the bridge but is at a 
distance of 1.5 meters from the end of the bridge up to 2800 kN.  However, the shear force 
increases by 20% during and after the blast as shown in Figure 5-16.   The loss of the 
longest cable CP21 due to blast caused a maximum shear of 2620 kN in the longitudinal 
girder.  However, but only a 3% increase was observed after blast when compared to the 
shear force along the longitudinal girder before blast as shown in Figure 5-17. 
There is no major significant difference in the shear force in the longitudinal girder during 
the loss of the backstay and the longest cable because the loss of a cable leads to removal 
of a support (spring support) along the longitudinal girder which does implies the 
removal of the drop in force at that point.  Steel girders are known to be good in shear 
and will hereby respond to the loss of support similarly distributing the load applied from 
the deck uniformly along its span. 
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5.2.1.4.2 Vertical Displacement 
When the backstay was lost the displacement in the first and last span reduced by 70% 
but increased by 50% in the middle spans.  The deflection increases from 90 mm along 
the first span to 470 mm on the middle spans when the cable CP1 was lost due to blast 
with the bridge sagging on all spans (see Figure 5-18).  The deck deflects symmetrically 
along the bridge deck under live loading because the middle span balances the load 
applied on the bridge before cable loss this capability was lost due to cable loss, 
On the other hand, the loss of the longest cable CP21 gives an increase in vertical 
displacement of 100% along the mid-spans of the bridge (see Figure 5-19). The span has 
alternating sags and hogs.   The vertical displacement after blast increases only in the first 
and second span of the bridge.  There is a little increase (10%) in the deflection along the 
second span (the span where cable CP21 was lost). 
 
5.2.1.5   Effect of selected cable loss on the deck. 
The loss of the cable due to blast will have a noticeable impact on the deck of the bridge 
which is normally in compression supported by the cables.  The bending moments, shear 
force and displacement along the longitudinal centre of the deck is shown when the 
cables CP1 and CP21 are lost due to blast for the variations: before, during and after blast.  
The moment was measured in kilonewtons metre, shear force in kilonewton’s while the 
vertical displacement in metre all plotted against the longitudinal span of Model A which 
has a total span of 676 metres.  The effects are presented just before the blast, during 
blast and 5 seconds after blast. 
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Figure 5-20:  The bending moment along the longitudinal span of deck when the backstay -
CP1 was lost due to blast.    
 
Figure 5-21:  The bending moment along the longitudinal span of deck when the longest 
cable -CP21 was lost due to blast.    
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Figure 5-22:  The shear force along the longitudinal span of deck when the backstay -CP1 
was lost due to blast.    
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Figure 5-23:  The shear force along the longitudinal span of deck when individual cable - 
longest cable -CP21 was lost due to blast.    
 
Figure 5-24:  Vertical displacement along the longitudinal span of the deck when individual 
cable – backstay CP1 was lost to blast 
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Figure 5-25:  Vertical displacement along the longitudinal span of the deck when individual 
cable – longest cable CP21 was lost to blast 
For all the effects considered for the loss of the backstay and the longest cable the 
structural response just before blast, during the blast and 5 seconds after the blast 
5.2.1.5.1 Discussion of results 
Bending Moment 
The bending moment along the central longitudinal span of the deck when the backstay 
CP1 was lost due to blast, as shown in Figure 5-20 is considerably higher – 80% higher 
after the blast than the bending moment before the blast which is 900 kNm around the 
zone of cable loss.  The bending moment along the deck also increased in the other spans 
during and after the blast by 45-60% showing that the loss of the backstay led to a loss of 
support to the other cables hereby increasing the force in the cables and invariably the 
bending moment.   
-1.5
-1
-0.5
0
0.5
1
0 100 200 300 400 500 600
V
er
ti
ca
l d
is
p
la
cm
en
t 
-
m
Bridge span -m
Before blast During blast After blast
CP21 lost
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 174  
 
However, the loss of the longest cable CP21 due to blast gives a bending moment higher 
after the blast of up to 1300 kNm around the zone of cable loss which is 160% higher than 
the bending moment before the blast.  The bending moment profile during the blast is 
very similar to the post-blast bending moment profile. as shown in Figure 5-21.    On the 
other hand, the loss of the longest cable CP21 impacts the second span having a maximum 
moment after the blast of 1310 kNm (160% higher than the bending moment before the 
blast) and the last span with maximum bending moment of 700 kNm (34% higher than 
the bending moment before the blast).  The first and third spans have bending moment 
highest during the blast as shown in Figure 5-21 having maximum values of 666 kNm and 
925 kNm respectively.   
Comparing the bending moments when the backstay was lost to the bending moment 
changes due to the loss of the longest cable generally for Model A, there is a 5-10% 
increase when the backstay is lost.    
Shear Force 
The shear force along the central longitudinal span of the bridge deck reduces both after 
the blast and during the blast when the backstay CP1 was lost due to blast from a 
maximum of 2,190 kN to 3,444 kN in the zone of cable loss.  The shear force increased by 
34% uniformly along the span of the bridge apart from the rise notice at the zone of cable 
loss which was due to the layout of the bridge having the backstay connected to the deck 
at 1.5 meters from the end of the bridge as shown in Figure 5-22. 
The loss of the longest cable CP21 on the second plane of cables due to blast causes the 
shear force to increase post-blast by up to 60% in the region of the cable loss as shown in 
Figure 5.23 this is due to the loss of the support provided by the cable at this location due 
to blast. 
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Vertical Displacement 
The vertical displacement along the longitudinal centre of the deck when the backstay 
CP1 was lost due to blast shows an increase in the second and third spans after blast from 
a maximum vertical displacement of 273 mm to 475 mm and 329 mm to 491 mm 
respectively.  This increase is highest in the third span due to the pull-down effect of the 
existing load on the third span when the longest cable was lost due to the blast.  However, 
the vertical deflection reduced by 160% in the two outer spans after the blast due to the 
pull down of the pylons caused by the loss of the cable due to the blast hereby causing an 
uplift in the deck of the first and last spans (see Figure 5-24). 
The loss of the longest cable on the other hand as shown in Figure 5-25 leads to the 
vertical displacement of the deck longitudinally increasing in span two, three and four 
(the last span).   In the third span (the span next to the span where the cable CP21 was 
lost) the deck lifts after the blast, while during the blast the span experiences a twist (hog 
and sag).    During the blast, the first span has the highest uplift during the cable loss due 
to blast of 276 mm while in the third span the uplift during the blast is 149 mm.   This 
shows a major instability in the vertical movement of the deck during the loss of the 
longest cable which is more than when the backstay is lost comparing the Figure 5-24and 
Figure 5-25. 
 
5.2.1.6   Effect of selected cable loss on the pylon connected to lost cable   
  In examining the effect of the loss of a cable due to blast on the major member of a cable-
stayed vehicular bridge, the pylon, is also considered looking at the bending moment and 
the displacement of the pylon after the cable is lost.  The Figure5-26 and Figure5-27 
shows the bending moment of the pylon connected to the backstay CP1 and longest cable 
CP21 lost respectively due to blast all measured in kilonewtons metre over the height of 
the pylon measured in metres just before the blast (when the bridge is fully loaded for 
1.9seconds), during the blast (the negative phase of the blast) and 5 seconds after cable 
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CP1 is lost due to blast.   The pylon connected to the backstay is the first pylon (Pylon 1) 
while that connected to the longest cable CP21 is the second pylon (Pylon 2). 
 
Figure5-26: The bending moment in the pylon connected to the backstay cable CP1 lost due 
to blast (pylon1) 
 
Figure5-27: The bending moment in the pylon connected to the longest cable CP21 lost due 
to blast – (pylon 2) 
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Figure 5-28 and Figure 5-29 shows displacement of the pylon measured in metres along 
the length of the pylon when the backstay is lost and when the longest cable is lost just 
before the blast (when the bridge is fully loaded for 1.9seconds), during the blast (the 
negative phase of the blast) and 5 seconds after cable CP1 is lost due to blast.  The 
displacement is measured in metres over the height of the pylon which is also presented 
in metres.   
 
Figure 5-28: The displacement in the pylon connected to the backstay cable CP1 lost due to 
blast (pylon1) 
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Figure 5-29: The displacement in the pylon connected to the longest cable CP21 lost due to 
blast – (pylon 2) 
5.2.1.6.1 Discussion of results 
Bending moment 
The results show little difference in the bending moment distribution in the pylon before 
- during and after the cable was lost to blast.   When the backstay CP1 cable was lost due 
to the blast.  This could be due to the mass of the pylon as it is made of concrete.  The 
bending moment before blast when the backstay was lost due to blast was 92,278 kNm 
while it is 140,277 kNm.   
The bending moment in the pylon before the longest cable CP21 was lost due to blast was 
109 kNm close to the bottom of the pylon where the bending moment was maximum with 
a value of 101,626 kNm after the longest cable CP21 was lost due to blast.    The pylon 
bends in a different direction when the backstay was lost to when the longest cable was 
lost as shown in Figure5-26 and Figure5-27 below.  The bending moment after the cable 
loss was the highest for both cable loss scenarios as stated in the values presented above. 
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Deflection 
 As expected, the first pylon to which the backstay is connected to showed higher 
displacement along the longitudinal span of the bridge after blast – 129 mm compared to 
the displacement before blast - 4.2 mm when the backstay – CP1 was lost due to blast as 
shown in Figure 5-28. 
However, the second pylon which supports the longest cable CP21 showed a 
displacement up to 380 mm after blast compared to the before blast displacement of 1.5 
mm at the same location which is the tip of the pylon.  The second pylon deflects more 
than the first pylon when the cables connected to them are lost due to blast.  Therefore, 
the loss of the longest cable CP21 causes more deflection in the pylon it is connected to 
with a maximum deflection of 380 mm compared to the maximum deflection of 129 mm 
in the pylon the backstay is connected due to the loss of the backstay due to blast. 
5.2.1.7   Effect of two cables lost due to blast 
The codes and guidelines on cable loss of tension structures recommend that these 
structures are designed for the loss of a cable.  There is however the likelihood for the 
loss of two cables to blast especially in cases where the cables are close to each other. The 
deformed shape is shown in Figure 5-30. 
   
Figure 5-30:  Deflected shape of Model A for one and 2 cables lost  
One cable lost  Two cables lost 
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The Figure 5-31 shows the stresses in the other cables on the bridge Model A with the 
stresses measured in Newton’s per millimetres square over a period of 10 seconds for 
the loss of the cables CP21 and CP22 while Figure 5-32 shows the stresses for the loss of 
CP1 and CP2 which are both the back stays of the bridge located 3 m apart from each 
other.   
  
 
Figure 5-31: Stress in other cables due to the loss of two cables-  CP21 and CP22 
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Figure 5-32  Stresses in other cables due to the loss of the two backstays – CP1 & CP2 
 The vertical deflection along the deck and displacement in the pylon was considered.   
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Figure 5-33: Vertical Deflection of deck at various periods after two backstays are lost to 
blast sequentially 
Figure 5-33 shows the vertical displacement of the deck of Model A measured in metres 
when the backstays are lost sequentially with cable CP1 lost first followed by cable CP2 
which are 3 metres apart.  The defelcted shape along the longitudinal length of the bridge 
before the loss of cable CP1 to blast (full loading on bridge), then the shape when cable 
CP1 is lost followed by the loss of cable CP2.   
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Figure 5-34: Deflection of pylon when the backstays are lost sequentially 
The figure above Figure 5-34 shows the deflection of the pylon along the longitudinal 
plane of the bridge.  The deflection is measured in metres over the length of the pylon 
which is fixed at the base.  The figure shows the deflection of the pylon when one cable is 
initially lost compared to when two cables are lost.     
5.2.1.7.1 Discussion of results 
The loss of the two backstays CP1 and CP2 due to blast causes the cable in the second 
plane – CP25 having a maximum stress of and CP6 in the first plane, to peak at the highest 
stress with values over 1560N/mm2- UTS.  The cable CP21 also has high stresses 
redistributed to then due to the loss of the two backstays CP1 and CP2 the cable next to 
the backstays lost -CP3S and the adjacent cable to the backstay -CP1N also have high 
stresses redistributed to them but lower than that in CP21. Similarly, to the loss of the 
longest cable the cable closest to the pylon is not affected by the cable loss.   
When the longest cable and the next to it – CP21 and CP22 are lost to blast cable next to 
the cables lost CP23 have the highest stresses redistributed to it with the stresses above 
the UTS of the cable implying likely progressive collapse of the bridge.  The adjacent cable 
to the cable lost CP21 and cable CP24 on the same plane as the cables lost (2 cables away) 
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are also having the high stress peaking in the range of 850N/mm2 and 1250N/mm2 
respectively.  The closest cable to the pylon is also not really affected just as in the case 
as having one cable lost as shown in Figure 5-31. 
Vertical Displacement of Deck 
It is intersting to note that the bridge deck experienced a slight uplift  along the span of 
the bridge immediately the two cables are lost  as when compared to when only one cable 
is lost.  However,  a few seconds after the loss of the two cables the bridge deflection 
increased to up to 0.9 meters.   
Similarly when the longest cable CP21 and CP22 were lost due to blast the bridge deck 
expereince large uplifts and massive variation in movemement with maximum deflection 
up to 2 m. This agrees with the probability of the model unzipping which can lead to 
fluctuations on the bridge deck as the cables de-tensions and redisstributes its stresses.   
Displacement of Pylon 
The results of the loss of the two first backstays CP1 and CP2 cables due to blast on the 
pylon to which they are connected causes a reduction in the deflection after the loss of 
the cables.  The further loss of CP2 will lead to the redistribution of stresses in the second 
plane which will pull down on the middle plane causing a decrease in the deflection of the 
pylon connected to the plane the cables are lost from. 
However, when the longest cable CP21 and the cable next to it CP22 are lost due to blast, 
the deflection in the second pylon which is the pylon they are connected to increases by 
10%.   The loss of the cables increases the stresses in the cable close the cables lost which 
in turn lead to further deflection in the pylon considered.  
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 Effect of load variation 
Two practical loading scenarios were considered in this research for the loss of cables to 
blast the first case considered had the bridge fully loaded which can be experienced 
during peak periods (traffic jam) and the second scenarios was with only one lane loaded 
which occurs during the shutdown in direction of traffic either for maintenance or due to 
accidents. 
 
Figure 5-35:  Stress in CP2S when CP1 is lost to blast with varying live loading 
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Figure 5-36:  Stress in Cable CP 22 when CP21 is lost to blast with varying live loading.  
The Figure 5-35 and Figure 5-36 respectively show the stresses for the two loading 
scenarios (full and half loading) for the loss of the backstay CP1 and the longest cable 
CP21 respectively.   The stresses are in N/mm2 over a period of 15 seconds.  
5.2.2.1.1 Discussion of results 
The effect of the loading condition on the stresses in the cables next to the cable lost due 
to blast is shown in Figure 5-35 and Figure 5-36.  The initial maximum 354N/mm2 at 
1.12 seconds – 432 with full loading when backstay was lost.  584-740 when longest cable 
was lost).  The stress after 1.12 seconds with full live loading is highest (30-40% increase 
in stress) in both cable loss scenarios however the highest stresses was redistributed to 
the cables next to the cables lost when the longest cable - CP21 was lost due to blast. 
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 Comparison of quasi-static analysis with dynamic blast analysis 
This research focuses on the structural response of cable-stayed vehicular and 
footbridges to cable loss varying the cable triggering event such as the due to blast and 
fire and establishing a relationship between the cable loss time and the fundamental 
period of the bridge.  Therefore, the methodology adopted in this research for blast 
dynamic analysis was compared with the well-established method of quasi-static analysis 
by using a dynamic amplification factor in the static analysis. 
5.2.3.1 Stress in the closest cable when the backstay was lost 
When the back stay was lost the force it carried was redistributed to the nearby cables 
and the effect of using the DAF method in comparison to the dynamic analysis of the loss 
of individual cables due to blast is presented in this section for Model A. 
 
Figure 5-37:  Stress in cable CP2 due to the loss of backstay cable CP1. 
The Figure 5-37 above shows the stress in the cable measured in N/mm2 over 1.9 seconds 
which is the fundamental period of the bridge.   The stress is the von Mises stress in the 
cable next to the back stay in Model A which is 3 metres away from the failed cable along 
the same plane (south).  The stress in the cable CP2 when intact and the stress when the 
cable was lost using the DAF method are both presented over the standard time of1 
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second which is based on a unity value to have a comparison ground, while the stress in 
cable CP2 using the dynamic analysis method is presented over 2 seconds. 
5.2.3.1.1 Stress in the closest cable when longest cable was lost 
 
Figure 5-38:  Stress in the closest cable CP22 when longest cable in main span CP21 was lost. 
To account for the effect of the loss of the cable(s) on the other cables the stress in the 
closest cable(s) is determined in N/mm2 over time which was measured in seconds when 
the backstay and longest cable in the main span was lost.  For the case when the cables 
are still intact and then when the cables are lost, using static analysis, the stresses are 
read at zero (0) seconds and at one (1) second which is the default presentation by 
Abaqus 6.13 as shown Figure 5-38. 
5.2.3.1.2 Discussion of result 
Stress variation is experienced in the cable lost to blast using a dynamic analysis.  For 
both the loss of the longest cable and the backstay, the stresses are higher when the cable 
is lost to blast as opposed to using the quasi-static analysis.  There is also the absence of 
the effect of time as the stress in the cable when intact and when lost using the DAF 
method.  The DAF method which is a static analysis is not time dependent and in Abaqus 
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the stresses are obtained over a standard period of 0 seconds to 1 seconds which is 
Abaqus’ default (in reality is instant and not one (1) second).  
 
 Effect of individual cable lost due to fire 
To present the effect of cable loss due to fire the stresses in the remaining cables were 
obtained when the individual cables namely the backstay cable CP1 was lost and when 
the longest cable CP21 were lost. 
 
Figure 5-39:  Effect of the loss of the backstay CP1 due to fire on stresses in remaining cables  
Figure 5-39 above shows the stress in N/mm2 in the remaining cables as cable CP1 was 
lost due to fire over 1800 seconds.  This stress was obtained from a dynamic explicit 
analysis for the loss of the cable to fire when the bridge was fully loaded and then the 
cable failed.   
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Figure 5-40::  Effect of the loss of the longest cable CP21 due to fire on the stresses in remaining 
cables. 
Figure 5-40 shows the stress in the surrounding cables for 1.9 seconds when the longest 
cable CP21 was lost due to fire after the bridge was fully loaded.  The stress in the cables 
are presented in N/mm2 over 1800 seconds.     
5.2.4.1 Discussion of result 
The loss of the backstay cable – CP1 due to fire over 1800 seconds leads to a gradual 
increase in stress over the period this happens as the Young’s modulus and the yield 
stress of the backstay gradually increases as the cable burns. The stress increase due to 
the loss of the backstay CP1 leads to a gradual increase of about 3% over 1800seconds 
considered.   
Similarly, the loss of the longest cable CP21 due to fire increases also leads to a gradual 
increase in the stresses in the remaining cables.  The stress increase is about 5% over the 
1800 seconds considered. 
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 Comparing the effect of blast with the effect of fire on the cable next to the cable lost gives 
a significant difference as the loss of the cable to blast has more abrupt increase in stress 
redistributed when compared to the loss to fire. 
 Relationship between cable loss time and period of bridge  
The 7th objective of this research sates “To establish the likely rupture time of the cable 
members used in a typical cable-stayed bridge in relation to the natural period of the 
bridge.”.  This was to establish a relationship between cable loss time and the period of 
the bridge.  This section presents the stress fluctuations in the cable next to the cable lost, 
due to blast over varying cable loss profiles relative to the period of the bridge. 
The stresses in N/mm2 in cable CP2 was determined over a period of 20 seconds.  Cable 
CP1 was lost when the bridge was fully loaded over a period of 1.9 seconds.  The ensuing 
behaviour determined by carrying out a dynamic explicit analysis (non-linear) to 
determine the structural response of various cables to varying cable loss time in relation 
to the period of the bridge are as shown in Figure 5-41. 
 
Figure 5-41: Effect of the backstay removal time in relation to the period of the bridge (Tass) 
on the stress distribution in cable CP2. 
-100
0
100
200
300
400
500
600
0 5 10 15 20St
re
ss
  (
N
/m
m
2 )
Time (seconds)
Tass 10%Tass 2Tass 3Tass 1%Tass
CP1 lost
Initial stress before 
loss- 249N/mm2
Note: Tass – period of bridge 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 192  
 
 
Figure 5-42: Effect of the longest cable CP21 loss time in relation to the period of the bridge 
on the stress in cable CP22. 
 Figure 5-42 above shows the stress in the closest cable CP22 when cable CP21 was lost 
over varying ratios of the period of the bridge.  The stresses are measured in N/mm2 over 
the first 20 seconds.  A dynamic non-linear explicit analysis was carried out to capture 
the sudden drop in force in the cable over short time periods.   
5.2.5.1 Discussion of result 
Progressive collapse is caused by the instantaneous removal of a cable.    To obtain the 
effect of the cable removal time on cable-stayed bridges the cable’s considered in this 
research have been removed over varying times in relation to the period of the bridge 
(Tass).  The loss of the cable over 1% of its period gives the worst effect making the bridge 
to seek a new equilibrium state for the loss of the backstay CP1 as shown in Figure 5-41.   
While for the loss of the longest cable CP21 the worst effect is noticed for 1% and 10% 
for the loss of the longest cable as shown in Figure 5-42.  The loss over three times, two 
times and at the period of the bridge gives very similar patterns in the stress variation 
obtained in the cable next to the cable lost for both the loss of the backstay and the longest 
cable. 
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 Progressive collapse Check 
To determine if the stresses in the other cables are within the stress limit of the cable (i.e. 
the UTS) the initial stress in the cables are compared with the maximum stress in the 
cables which are then checked against their Ultimate Tensile Strength.  This is to 
determine if the cables will fail which can lead on to progressive collapse of the bridge.   
Table 5-1 shows the stress changes due to the loss of the backstay CP1 on some remaining 
cables, while 
 
 
 
 
 
 
 
 
Table 5-2 shows the stress variations due to the loss of the longest cable CP21, lost due 
to blast.  All the stresses are in N/mm2. 
5.2.6.1 Discussion of results 
The Table 5-1 and  
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Table 5-2 shows that when the backstay CP1 is lost the bridge can withstand the stress 
redistribution but when two cables i.e. the backstays CP1 and CP2 are lost there is going 
to be an initiation of progressive collapse.  For the loss of the longest cable CP21the stress 
in the next cable goes higher than the yield stress therefore progressive collapse can be 
initiated similarly when two cables are lost.  Another way of checking the likelihood of 
progressive collapse is to obtain the Dynamic Critical Ratio (DCR) by finding the 
percentage ratio between the stress in the cable and the yield/ breaking stress.  The other 
cables can still withstand the loss of a cable to blast when one or two cables are lost or 
the load varied or one cable lost to fire. 
The stress increase for the loss of all the cables considered when the backstay and longest 
cable is lost is lower for the quasi-static analysis when compared to the blast, fire, two 
cables lost and load variation dynamic analysis.   
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Table 5-1:  Table showing initial and maximum stresses in cable due to loss of backstay CP1 
due to blast (N/mm2) 
Analysis 
type  
Cable 
loss 
Scenario Stress Check 
 Next 
cable 
Adjacent 
cable 
Closest 
to 
pylon 
Longest 
cable 
Other 
backstay 
CP2S CP1N CP10 CP21 CP61 
Quasi-
static 
Analysis 
DAF 
initial stress 249.39 234.11 30.86 477.33 184.98 
maximum stress 369.00 348.07 43.64 538.57 250.65 
Check Ok Ok Ok Ok Ok 
Dynamic 
Analysis 
Blast 
initial stress 249.39 234.11 30.86 477.33 184.98 
maximum stress 427.05 449.47 69.60 756.16 482.06 
Check Okay Okay Okay Okay Okay 
fire 
initial stress 249.39 234.11 30.86 477.33 184.98 
maximum stress 410.00 405.00 61.00 725.00 450.00 
Check Okay Okay Okay Okay Okay 
2 cables 
lost  
initial stress 249.39 234.11 30.86 477.33 184.98 
maximum stress 623.00 643.00 81.00 960.00 603.00 
Check Okay Okay Okay Okay Okay 
Load 
variation 
initial stress 249.39 234.11 30.86 477.33 184.98 
maximum stress 359.27 338.99 50.97 597.07 337.12 
Check Okay Okay Okay Okay Okay 
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Table 5-2:  Table showing initial and maximum stresses in the cables due to the loss of the 
longest cable – CP21 due to blast (N/mm2). 
Analysis 
type  
Cable 
loss 
Scenario Stress Check 
First 
backstay 
Adjacent 
cable 
Next 
cable 
Other 
backstay 
Shortest 
cable 
  CP1S CP20N CP21s CP61 CP10 
Quasi-
static 
Analysis 
DAF 
initial stress 238.03 389.95 659.05 385.00 176.72 
maximum stress 298.00 499.32 788.01 435.00 234.22 
Check Ok Ok Ok Ok Ok 
Dynamic 
Analysis 
Blast 
initial stress 238.03 389.95 659.05 385.00 176.72 
maximum stress 398.00 627.41 914.48 512.00 281.89 
Check Okay Okay Okay Okay Okay 
fire 
initial stress 238.03 389.95 659.05 385.00 176.72 
maximum stress 368.00 608.00 874.00 425.00 254.00 
Check Okay Okay Not okay Okay Okay 
2 cables 
lost  
initial stress 238.03 389.95 659.05 385.00 176.72 
maximum stress 641.00 883.11 880.78 406.12 494.05 
Check Okay Okay Okay Okay Okay 
Load 
variation 
initial stress 238.03 389.95 659.05 385.00 176.72 
maximum stress 377.00 585.00 856.00 478.00 265.00 
Check Okay Okay Not okay Okay Okay 
      
When the longest cable was lost, the stress increased in percentages are slightly lower 
than for the loss of the backstay however when 2 longest cables are lost CP21 and CP22 
the cable next to the cables lost is likely to fail and lead to progressive collapse. 
This shows an underestimation of the structural response of the Model A to cable loss 
events.  When the backstay was lost, the stress increase in the all cables considered: CP2S, 
CP1N CP10, CP21 and CP61 are all lower than 50% with the longest cable CP21 having 
the lowest stress redistributed to it. For the backstay lost to blast, the stress increase is 
highest when 2 cables are lost. 
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 Dynamic Amplification Factor for the cable loss triggering event 
The dynamic amplification actor is calculated for all the cable loss scenarios (backstay 
loss and longest cable loss) for the various cable loss triggering events.   The Table 5-3 
below shows the dynamic amplification factors obtained for the various locations on the 
bridge and the cable loss triggering events. 
5.2.7.1 Discussion of result 
The codes and guidelines recommend a Dynamic Amplification factor of 1.5 or 2 for the 
sudden loss of a cable (EC3, 2006; PTI D-45.1-12, 2012).  Previous research on traffic 
cable-stayed bridge shows that the dynamic amplification factor is dependent on the 
location of the lost cable and also on the particular effect considered (Wolff and Starossek, 
2010). 
The Eurocode defines the responses of a structure as actions and the effect of the action 
as effects, based on the Eurocode’s recommendation the DAF will be validated using the 
formula presented in Equation (1) below.   
   𝑫𝑨𝑭 =
𝑬𝒅𝒚𝒏− 𝑬𝒊
𝑬𝒔𝒕𝒂𝒕𝒊𝒄−𝐸𝑖
  (1) 
where  Edyn  = Dynamic Effects to extreme events,   
Estatic  = Static response to removal of a cable,   
Ei   = Static Effect in the initial state  
The Table 5-3 shows the DAF for the loss of the backstay and longest cable due to blast 
and due to fire.  When the cable was lost due to blast the loss scenarios considered are:  
- the loss of one cable 
- One lane only full loaded with live loading 
- Two cables lost, while for fire the loss of only one cable due to fire was presented. 
The DAF obtained for the stress in the remaining cables are mostly lower than 2 for when 
the backstay was lost except for when two (2) cables were lost with values in the range 
of 2 – 3.  However, the loss of the longest cable gave DAF values of 2.97 for the next cable–
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and 3.47 when two (2) cables were lost.   Therefore, there is a little agreement with the 
code recommended value for the designing the cables using a DAF of 2.  However, a value 
of three (3) is more realistic for cables in the region of cable loss due to blast and for the 
loss of two (s) cables due to blast.  
The DAF at the anchorage location i.e. the cable – deck connection point, for the 
displacement are all higher than two (2) for all cable loss scenarios, while the moment in 
the pylon, shear force in the longitudinal girder and moment in the deck have DAF’s in 
the range of 3-7 which is higher than the 2.0 value recommended.  Also, the DAF for the 
displacement of the cable loss point, moment of the pylon and deck are higher than 2 with 
an average of 4 for when the backstay or the longest cable are lost due to blast or fire. 
The DAF obtained for all locations is lower when the cables were lost due to fire than 
blast which confirms the effect of fire been a gradual event with less initial impact as blast.  
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Cable 
loss 
triggering 
event 
Loss scenario 
 
Other cable stresses 
Point 
of 
cable 
loss 
Cross beam at 
loss  Pylon Longitudinal girder Deck 
Adjacent 
cable 
Next 
cable 
Closest 
to pylon 
Longest 
in 2nd 
plane 
Other 
backstay 
CP1N CP2S CP10S CP21S CP61S U M U M U M U SF M U SF 
Blast 
One cable 
lost 
       
1.89  
      
2.05        1.49  
       
2.55       1.93  
   
4.19  
     
0.83  
   
1.00  
   
4.28  
       
0.80  
   
1.08  
   
1.41  
   
4.43  
   
4.99  
   
1.57  0.95 
Remove live 
       
0.30  
      
1.65        1.57  
       
1.96       1.22  
   
3.88  
     
0.79  
   
0.85  
   
3.59  
       
0.74  
   
0.82  
   
1.26  
   
3.56  
   
4.59  
   
1.31  0.85 
2 cables lost 
       
2.26  
      
3.18        1.95  
       
3.11       2.32  
   
5.06  
     
1.45  
   
1.02  
   
5.87  
       
0.77  
   
1.59  
   
1.85  
   
5.74  
   
6.35  
   
2.01  1.93 
Fire 
One cable 
lost 
       
1.71  
      
1.96        1.35  
       
2.35       1.84  
   
4.05  
     
0.72  
   
0.94  
   
4.12  
       
0.68  
   
0.91  
   
1.17  
   
4.43  
   
4.52  
   
1.45  1.28 
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Cable 
loss 
triggering 
event 
Loss scenario 
other cable stresses Point 
of 
cable 
loss 
Cross beam at 
loss  Pylon longitudinal girder Deck 
First 
backstay 
Closest 
to 
pylon 
Adjacent 
cable 
Other 
backstay 
Next 
cable 
CP1S 
 
CP10S   CP21N   CP61S   CP22S  U M U M U M U SF M U SF 
Blast 
One cable 
lost 
       
1.01  
      
0.85        2.97  
       
1.45       3.01  
   
4.29  
     
1.22  
   
0.99  
   
4.66  
       
1.26  
   
0.99  
   
1.64  
   
4.89  
   
4.86  
   
1.66  1.19 
remove live 
       
0.98  
      
0.57        1.54  
       
0.97       0.98  
   
3.58  
     
1.06  
   
0.75  
   
3.95  
       
0.95  
   
0.36  
   
1.25  
   
4.37  
   
4.12  
   
1.32  0.98 
2 cables lost 
       
1.54  
      
1.34        3.47  
       
2.65       3.85  
   
5.65  
     
1.81  
   
1.38  
   
6.32  
       
1.22  
   
1.64  
   
2.34  
   
5.98  
   
6.57  
   
2.01  2.31 
Fire 
One cable 
lost 
       
0.98  
      
0.75        2.64  
       
1.32       2.45  
   
4.03  
     
0.89  
   
0.99  
   
4.11  
       
1.05  
   
0.88  
   
1.24  
   
4.34  
   
4.22  
   
1.45  1.06 
Table 5-3:  Dynamic Amplification Factors for Model A’s cable loss scenarios 
Legend: M-Bending moment, U- Displacement, SF- Shear Force 
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5.3 Results for Model B 
Considering the next model under investigation which is both a vehicular and pedestrian 
cable-stayed bridge, named Model B, to determine the structural response due to the loss 
of cables and also to the cable loss triggering events. 
 The effect of the cable loss due to blast on Model B 
The global deformation of Model B is shown in Figure 5-43 and Figure 5-44 below for the 
loss of the backstay cable C1 and the longest cable C8 respectively. 
The deformed shape of Model B as well as the von Mises stress distribution due to the 
loss of the longest cable C1 along the south plane of the cables is shown in Figure 5-43 
below.  The stress distribution was determined in N/m2 obtained directly from Abaqus 
6.13.  At the time of the loss of the backstay C1 to blast, the bridge was fully loaded with 
live loads LM1. The deflected shape is presented in the global coordinate system. 
 
Figure 5-43: Deformed shape of Model B with Cable C1 lost on the south side (stress units in 
N/m2) 
 
While for the loss of the longest cable in the main span – C8 along the south plane, the 
deformed shape of Model B as well as von Mises stress are shown in the Figure 5-44 
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below.    The stress distribution is given in N/m2 obtained directly from Abaqus 6.13.  At 
the time of the loss of the backstay C1 due to blast, the bridge was fully loaded with live 
loads LM1 (UDL and Tandem System) and LM4 (footpath load). The deflected shape is 
presented in the global coordinate system at 10 seconds.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
 
Figure 5-44: Deformed shape of Model B with cable C8 lost on the south side 
 (stress units in N/m2) 
5.3.1.1   The Effect of individual cable loss on other cables  
The effect of the loss of the backstay and the longest cable on the other cables in Model B 
is observed via the stresses redistributed into the remaining cables.  
5.3.1.1.1 Backstay lost 
The effect of the loss of the backstay cable C1 on the remaining cables is presented in 
Figure 5-45 below.   The figure below shows the stresses in the other cables on Model B 
when the cable C1 (backstay) is lost due to blast, where the stresses are measured in 
N/mm2 over a period of 30 seconds.  The stresses are obtained from a dynamic explicit 
analysis while the cable are lost using the blast profile presented in Error! Reference 
source not found.  Full load according to the Eurocode (EC1-2, 2003) is initially applied 
over 1.4 seconds after which the cable C1 is lost due to blast. 
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Figure 5-45-  Effect of the loss of backstay on the remaining cables due to blast in Model B 
5.3.1.1.2 Discussion of results 
The loss of the backstay cable C1 due to blast, causes the stress to be redistributed to the 
remaining cables as shown in the results presented in Figure 5-45.   The cable in the 
middle of the main span, - C6, which initially had a stress of 598N/mm2 with a maximum 
stress of 1679N/mm2 had the highest stress re-distributed to it over a 25 seconds’ period 
when cable C1 was lost.  Then the closest cable to the lost backstay, cable–C2 had the 
highest stress over a period of 30 seconds redistributed to it due to the loss of cable C1 to 
blast, having a maximum stress of 1660N/mm2 compared to its initial stress of 
316N/mm2.  The stress in remaining cables reduced the further away they are from the 
location of the cable lost due to blast – C1.  Model B has only one plane of cables connected 
to the only H-pylon therefore when the backstay cable - C1 was lost due to blast, it makes 
the tension in the remaining cables increase as shown in Figure 5-45.  
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5.3.1.1.3 Longest Cable lost 
The stresses in the other cables when the longest cable C8 is lost is also determined for 
Model B and is presented in Figure 5-46.  The stresses are measured in N/mm2 over a 
period of 30 seconds.  The stresses were obtained for a dynamic explicit analysis by losing 
cable C8 due to blast.  Full load according to Eurocode 1: “Action on Structures” was 
initially applied over 1.4 seconds after which the cable C8 was lost to blast.  This method 
was applied in Abaqus as different steps to distinguish the initial fully loaded state from 
the cable loss state. 
 
Figure 5-46:  Stresses in other cables due to the loss of the longest cable C8 to blast. 
Discussion of results 
The cables closest to the lost cable due to blast, cable C8 have the highest stresses 
redistributed to them.  Cable C7, which is next to and in the same plane as the lost cable 
C8 has an initial stress of 608N/mm2 and a maximum stress of 2167N/mm2 followed by 
cable C6 with a maximum stress of 1967N/mm2.  These cables are highly stressed 
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because the loss of the longest cable C8 leaves a large span for adjacent to support.  These 
stresses are higher than the ultimate tensile stress of the cable leading to progressive 
collapse of the bridge as shown in the Figure 5-46. 
However, the cables C1 (backstay) and C2 both in the same plane as the lost cable due to 
blast have the lowest stresses redistributed to them with initial values of 155N/mm2 
increasing up to 933N/mm2 having the lowest stresses redistributed to it due to the 
presence of piers under the deck.   The stresses in the cable do not fully stabilise out due 
to the large spacing between the cables. 
 
5.3.1.2   Effect on the cable deck connection point 
In analysing the effect of the loss of a cable due to blast the vertical displacement at the 
cable deck connection point of the cable lost, also known as the anchorage location, is 
presented in Figure 5-47 and Figure 5-48 for the backstay cable C1 lost and the longest 
cable C8 lost due to blast respectively.  The displacement is measured in metres over a 
period of 10 seconds when the bridge is fully loaded.  
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Figure 5-47: Vertical Displacement of Node A when backstay CB1 was lost due to blast 
 
Figure 5-48:  Vertical Displacement of Node B when the longest cable CB8 was lost due to 
blast. 
5.3.1.2.1 Discussion of results 
The loss of the backstay - C1 from Model B due to blast causes the cable-deck connection 
point to fluctuate over a range of 0- 1.3 mm which is small relative to the span of the 
bridge.  This is expected as the backstay are supported by piers for stability.  However, 
after 2 seconds the deflection increases with time up to a maximum deflection of 2.3 mm 
over 10 seconds. 
When the longest cable - C8 was lost in Model B the cable-deck connection point 
increased in deflection above 1 m over the first 10 seconds.  The deflection keeps 
increasing over time.  This large deflection is also influenced by the large spacing between 
the cables making the total unsupported span when cable C8 is lost to be 127.4 m 
compared to the original span between the cables of 63.8 m. 
5.3.1.3   Effect of selected cable loss on the cross beams 
In determining the structural response of the loss of a cable due to blast on the cross 
beams, the bending moment in the cross beam located at the region where the cable was 
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lost is shown in Figure 5-49 and Figure 5-50 below for the cable loss cases considered in 
this research namely the loss of the backstay and the loss of the longest cable in the main 
span respectively, both due to blast.   
The bending moment of the cross beam considered is presented in kNm which was 
obtained when the individual cables considered were lost due to blast while the bridge 
was fully loaded. 
 
Figure 5-49:  Bending moment in cross beam connected to Node A where the backstay was 
lost due to blast.
 
Figure 5-50:  Bending moment in the cross beam connected to Node B where the longest 
cable C8 was lost due to blast. 
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The vertical displacement in the cross beam when the backstay was lost is also presented 
in Figure 5-51 and Figure 5-52 below. The deflection in the cross beam was measured in 
metres over the span of the cross beam also measured in metres.  The cable lost due to 
blast was modelled using a nonlinear dynamic explicit analysis when Model B was fully 
loaded.  
  
Figure 5-51: Vertical displacement of the cross girder at the location of the backstay cable 
lost due to blast. 
 
Figure 5-52: Vertical displacement of the cross girder at the location of the longest cable C8, 
lost due to blast. 
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5.3.1.3.1 Discussion of results 
Bending Moment 
The bending moment in the cross beam located at the point where the backstay cable 
C1was lost due to blast in Model B was high during the blast with a maximum value of 
2970 kNm when compared to the bending moment before the blast of 157 kNm at 4.7 m 
from the end of the deck where the cable was lost as shown in Figure 5-49.  The cross 
beam bending moment had a kink around the longitudinal girder because the cables are 
attached to a box connected to the longitudinal girder and the underside of the deck on 
both sides of the girder.  This moment will also affect the deck in this region leading to 
high strain in the deck region and increase in stress in the deck plates. 
The bending moment for the cross beam when the longest cable - C8 was lost due to blast 
has a maximum sagging bending moment before blast of 500 kNm and an increase of 
140% after the blast which is a hogging moment as shown in Figure 5-50.    
Vertical Displacement 
The loss of the backstay - C1 due to blast caused the maximum deflection to be at the 
centre of the cross beam supporting the deck at the location of cable loss, having a 
maximum deflection of 1.8 mm.  The deflection increases by 1 mm only after blast due to 
the presence of a pier under the deck structure at this location.  However, the sagging 
profile for the cross beam vertical displacement is the same before and during the cable 
loss due to the blast as shown in Figure 5-51.  
The loss of the longest cable - C8 as shown in Figure 5-52 caused the cross beam to deflect 
with a slanting profile when the cable is lost on one side and held up by the other longest 
cable C8N in the opposite plane to the plane on which the cable - C8 was lost due to blast.  
The deflection increases after blast was up to 700 mm while it is 280 mm during the blast 
but less than 100 mm before the blast.  This will lead to loss of support for the deck after 
the blast hereby having larger unsupported span with a likelihood of buckling.  
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5.3.1.4   Effect of selected cable loss on the longitudinal girder. 
The moments, shear and displacement of the longitudinal girder when the cable was lost 
is presented in this section for Model B. 
   
Figure 5-53:  Location of the longitudinal girder considered.  
Figure 5-54 and Figure 5-55 below show the bending moment distribution in the 
longitudinal girder at the location shown in Figure 5-53 above which is the longitudinal 
girder along the plane where the individual cable lost to blast is located.  The shear force 
however for when individual cables are lost due to blast (backstay C1 and longest cable 
C8) is shown in 7 and 8.  The vertical displacement along the longitudinal girder for the 
loss of the individual cables considered are shown in Figure 5-56 and Figure 5-57.  The 
moment is measured in kNm; the shear force in kN while the displacement is measured 
in metres over the longitudinal span of the bridge which is also measured in metres.  The 
cables behaviour was modelled using a dynamic explicit analysis with the loss of the cable 
due to blast, while the bridge was fully loaded for Model B. 
Longitudinal girder considered 
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Figure 5-54: Bending Moment variations in the longitudinal girder when the 
backstay C1 was lost due to blast- Model B. 
 
Figure 5-55: Bending Moment variation in the longitudinal girder when the longest 
cable C8 was lost due to blast- Model B. 
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Figure 5-56: Shear force in the longitudinal girder when the longest cable C8 was lost 
due to blast- Model B. 
 
Figure 5-57: Shear force in the longitudinal girder when the backstay cable C1 was 
lost due to blast- Model B. 
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Figure 5-58: Vertical Displacement of the longitudinal girder when the longest cable 
C8 was lost due to blast- Model B.    
 
Figure 5-59: Vertical Displacement of the longitudinal girder when the backstay C1 
was lost due to blast- Model B. 
-0.8
-0.6
-0.4
-0.2
0
0.2
0 100 200 300 400 500 600
V
er
ti
ca
l d
is
p
la
ce
m
en
t 
(m
)
Longitudinal Girder Span (m)
Before Blast During blast After blast
C8 lost
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0 100 200 300 400 500 600
V
er
ti
ca
l D
is
p
la
ce
m
et
 -
m
Longitudinal Girder Span - m
Before blast During blast After blast
C1 lost
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 213  
 
5.3.1.4.1 Discussion of results 
Bending moment 
The maximum bending moment on the longitudinal girder due to the loss of the backstay 
– C1 due to blast gave a maximum value of 2290 kNm after blast and 291 kNm before 
blast. The loss of the backstay had little or no bending effects on the longitudinal girder 
with the increase in bending moment after blast in the range of 1-5% when compared to 
the bending moment before blast except around the zone of cable loss.  The moment 
affected a wider region of the span after blast moving about 100 m further along the span 
to the right.   
For the loss of the longest cable - C8 due to blast, the bending moment increases to 6981 
kNm from 501 kNm which was the bending moment before the blast at the location of the 
loss of the longest cable - C8.  The bending moment not only increased in the positive zone 
but also in the negative zone as shown in Figure 5-55. 
The bending moment in the longitudinal girder when the longest cable was lost is the 
highest at a value of 6981 kNm.   
Shear Force 
The shear force when the backstay – C1 was lost due to blast has a maximum value of 
4120 kN after blast around the end of the main span which is about a 100% increase to 
the pre-blast shear force.  The loss of the backstay induces a higher shear force in the 
unsupported main span due to the large span due to the loss of the balancing force the 
backstay accounts for in cable-stayed bridges. The shear force in the back-span is lower 
than that in the main span as the back-span has extra support of piers herby inducing 
reaction forces. 
However, the shear force increases to 6800 kN from 2520 kN around the zone of the cable 
loss when the longest cable was lost due to blast.  There was also about 30-80% increase 
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along the longitudinal girder as shown in Figure 5-57 which shows that the loss of a cable 
along the unsupported main span results in higher effects along the entirety of the 
longitudinal girder as opposed to the loss a cable along a pier supported span along the 
backstay. 
The loss of the longest cable - C8 had a higher shearing effect on the longitudinal girder 
when compared to the loss of the backstay due to blast. 
Vertical Displacement  
The vertical displacement of the longitudinal girder when the backstay was lost shows no 
displacement at the location of loss due to the presence of the pier on which the 
longitudinal girder rests but a vertical displacement increases of 20% along the main 
span of the bridge with the pre-blast displacement of 175 mm maximum at the centre of 
the main span. 
The loss of the longest cable C8 due to blast leads to a maximum vertical displacement of 
744 mm post-blast compared to 188 mm before blast.  The profile of the vertical 
displacement of the longitudinal girder during the blast is like the pre-blast profile during 
the blast as shown in Figure 5-59. 
 
5.3.1.5   Effect of selected cable loss on the deck 
The loss of a cable due to blast will have a noticeable impact on the deck of the bridge 
which is normally in compression supported by the cables.  The displacement and 
bending moment along the longitudinal centreline of the deck is shown when cables C1 
and C8 were lost to blast.  The bending moment is measured in kNm while the 
displacement is in metres both plotted against the longitudinal span of Model B as shown 
in Figure 5-60 and Figure 5-61.  These relationships are for the loss of the longest cable 
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C8 and the backstay C1 when they were lost individually due to blast after the bridge was 
fully loaded for 1.4 seconds.   
The Figure 5-62 and Figure 5-63 show the vertical displacement of the deck when cable 
C1 which is the backstay and the Cable C8 which is the longest cable on Model B were lost 
due to blast individually respectively.  The vertical displacement is presented in metres 
over the span of the bridge also measured in metres.   The cable was lost individually 
while the bridge was fully loaded. 
 
Figure 5-60:  Bending Moment along the longitudinal span of the deck when the longest 
cable C8 was lost due to blast.  
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Figure 5-61:  Bending Moment along the longitudinal span of the deck when the backstay 
cable C1 was lost due to blast.  
 
Figure 5-62:  Vertical Displacement along the longitudinal span of deck when the backstay 
C1 was lost due to blast.   
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Figure 5-63:  Vertical displacement along the longitudinal span of deck when the longest 
cable C8 was lost due to blast. 
5.3.1.5.1 Discussion of result 
Bending moment 
The bending moment along the longitudinal centre of the bridge deck as shown in Figure 
5-60 shows a little increase of 5-10% along the girder except from the deck area where 
the cable was lost post-blast when the backstay – C1 was lost due to blast when compared 
with the bending moment pre-blast. However, the bending moment is 25% higher around 
the zone of the cable loss due to blast after the blast when compared to before the blast.   
When the longest cable – C8 was lost due to blast the bending moment along the main 
span generally increases up to 30-50% with the maximum bending moment around the 
zone of cable loss at 5570 kNm due to the loss of bracing due to the loss of the spring 
support provided by the cable when the cable was lost. 
The loss of the backstay in Model B due to blast has a lesser bending effect on the deck 
due to the presence of a piers at the back span to give extra support to the deck. 
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Vertical Displacement 
The vertical displacement along the longitudinal centre of the deck is generally higher 
when the longest cable C8 is lost comparing it to the when the backstay cable C1 is lost.  
The vertical displacement along the back span of the bridge is the same even when the 
backstay or the longest cable is lost due to the presence of the piers.  However, along the 
main span the deck is free to deflect, with the deck vertically deflecting up to 800 mm 
when the longest cable C8 is lost but only about 400 mm when the backstay is lost as 
shown in Figure 5-62 and Figure 5-63. 
5.3.1.6   Effect of selected cable loss on the pylon 
In examining the effect of the loss of a cable on the major member of a cable-stayed 
vehicular and pedestrian bridge lost to blast, the effect on the pylon was also considered 
looking at the bending moment and the displacement of the pylon after the cable was lost 
due to blast. 
 
Figure 5-64:  Bending Moment distribution in the pylon due to the loss of the longest cable 
C8.  
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Figure 5-65:  Bending Moment in the pylon due to the loss of backstay cable C1. 
The figure above shows the bending moment in the pylon just before the blast (when the 
bridge was fully loaded for 1.4seconds), during the blast and 5 seconds after the cable 
CP1 was lost to blast.  The bending moment was measured in kNm over the height of the 
pylon which is presented in metres as shown in 
 
Figure 5-64 and Figure 5-65 .   
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The displacement of the pylon along the longitudinal plane of the bridge (measured in 
metres) was obtained for the loss of the longest cable C8 and backstay C1 over the height 
of the pylon (measured in metres) as shown in Figure 5-66 and Figure 5-67. 
 
Figure 5-66:  Displacement of the pylon due to the loss of the longest cable C8. 
 
Figure 5-67: Displacement of the pylon due to the loss of the backstay C1. 
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5.3.1.6.1 Discussion of results  
Bending moment 
The loss of the longest cable - C8 due to blast on the south plane leads to an increase in 
bending moment up to 13,215 kNm -at the top end of the pylon during and after the blast 
when compared to the bending moment before blast of 3384 kNm.  Since the deck is 
connected to the pylon there is a restraint along the span of the pylon as shown in 
 
Figure 5-64.   
The loss of the backstay however induces less moment in the pylon (less than 1000 kNm) 
than when the longest cable is lost but the moment is 15% higher after the blast than 
before the blast after losing the backstay C1 as shown in Figure 5-65 
Vertical Displacement 
As expected the pylon shows higher displacement when the longest cable is lost as when 
compared to when the backstay cable which is located along the span of Model B is lost.  
The loss of the longest cable pulls the pylon towards the back span giving very low 
displacement with the maximum value of 34 mm at the tip of the pylon.  This is because 
the back-span cables still stabilize the pull on the pylon.  However, when the backstay C1 
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is lost the pylon is pulled over to the main span by up to 36 mm after the blast compared 
to the pre-blast displacement at the tip of the pylon of only 1.2 mm.     
 
5.3.1.7   Effect of two cables lost 
The codes and guidelines on cable loss in tension structures recommend that these 
structures are designed for the loss of a cable.  There is however the likelihood for the 
loss of two cables especially due to blast in cases where the cables are close to each other.  
  
Figure 5-68:  Deflected shape of Model B for the loss of C8 and C7as well as C8 
 
Figure 5-69:  Deflected shape of Model B for the loss of C1 and C1 and C2 together. 
C8 only lost C7 and C8 lost 
C1 only lost C1 and C2 lost 
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In examining the effect of the loss of two cables,  Figure 5-68 and Figure 5-69 show the 
global deformation and the von Mises stress distribution which is compared when only 
one cable was lost to when two cables were lost due to blast. 
 
5.3.1.7.1 Stress in remaining cables due to loss of two cables 
Figure 5-70 shows the stresses in the other cables on the bridge Model B with the stresses 
measured in N/mm2 over a period of 10 seconds for the loss of cables C7 and C8.  Figure 
5-71 shows the stresses for the loss of cables C1 and C2, which are both the back stays of 
the bridge located 48.75 m apart from each other.  The cables were lost due to blast while 
the bridge was fully loaded. 
 
Figure 5-70: Stress variations in some of the other cables due to the loss of cable C7 and C8. 
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Figure 5-71  Stress variations in some of the other cables due to the loss of the two 
backstay cables. 
5.3.1.7.2 Effect of loss of two cables on the deck  
Looking at the effect of two cables lost on the deck, the vertical deflection along the deck 
and displacement in the pylon has been observed.   
 
Figure 5-72:  Vertical displacement of the deck when two backstays C1 & C2 are lost 
simultaneously due to blast. 
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The Figure 5-72 above shows the vertical displacement of the deck of Model B measured 
in metres when the backstay are C1 and cable C2 were lost due to blast.  The deflected 
shape along the longitudinal length of the bridge before the loss of CP1 only due to blast 
with full loading on bridge, then the deflected shape when cables CP1 and CP2 were lost 
due to blast.   
 
Figure 5-73:  Vertical displacement of deck when the two longest cables C7 & C8 are lost 
simultaneously. 
5.3.1.7.3 Discussion of results 
Stresses on the remaining cables 
For this model, the likelihood of losing two (2) adjacent cables due to the large spacing 
between them is low, however it is possible if subjected to an intentional attack or some 
other serious event.  There is a noticeable sag at the side of the deck when two cables are 
lost.  The stress redistribution is higher when cables C8 and C7 are lost due to blast as 
shown in Figure 5-68. 
The loss of the longest cables on the bridge C7 and C8 redistributes the highest stresses 
to the adjacent cable C7N – maximum stress 3520 N/mm2 after 10 seconds and C8N with 
a maximum stress of 3320 N/mm2 which are the cables in the other plane of cables 
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the cable next to cable C7 on the same plane as the cable lost due to blast named cable C6 
-S suddenly spikes after 7 seconds reached a maximum stress after 10 seconds of 
4,434N/mm2.  This shows a progressive collapse pattern.  The cables C4 and C5 which 
are the cables next to the pylon have the least stresses redistributed to them as expected 
as shown in Figure 5-70, however the stresses still go above the ultimate tensile strength 
of the cable at 10 seconds.   
Just like when the longest cables – C7 & C8 were lost due to blast, the loss of the backstay-
C1 and the next cable to it C2 redistributes the highest stresses to the closest cables to the 
location of loss namely cable C3-S which is the next cable in the same plane (maximum 
stress was 3420 N/mm2), cable C1-N which is the cable adjacent to the backstay 
C1(maximum stress was 3160 N/mm2) and the cable C2-N which is the cable adjacent to 
the second cable lost on the south plane C2 (maximum stress was 2321 N/mm2).  
Interestingly, the middle cable C6 also had high stresses redistributed it as shown in 
Figure 5-71, this shows that the loss of the two backstays C1 and C2 leads to the loss of 
the balancing forces on the bridge causing an increase in the stresses in the cables along 
the main span of the bridge, with the cable in the middle of the main span taking the 
greatest share. 
Vertical displacement of deck 
The loss of the backstays C1 and C2 does not greatly affect the vertical displacement along 
the longitudianl centre of the deck in the back-span with as little as 1-5% increase in the 
vertical displacement along the backspan as shown in Figure 5-73.  This is due to the extra 
support provided by the piers at the locations of cable loss.  However, the maximum 
vertical displacement increases from a maximum of 400 mm when one cable is lost to 
635 mm when both cables C1 and C2 were lost due to blast. 
It is interesting to note that the deflection increases largely when the second cable was 
lost up to 2 times more then when one cable was lost for both cable loss scenarios 
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considered in this research (backstay and longest cable lost) .  The loss of the longest 
cable is more critical to the deck than when the supported backstays are lost. 
The vertical displacement along the longitudianl centre of the deck as cables C8 and C7 
were lost due to blast shows up to 80% increase in the displacement when compared to 
when one cable was lost due to blast which was 800 mm on the main span of the bridge 
as shown in Figure 5-72. 
5.3.1.8  Effect of load variation 
Two practical loading scenarios were considered in this research for the loss of cables 
due to blast – having the bridge fully loaded which can be experienced during peak 
periods (for example a traffic jam) and the second is half a lane loaded which occurs 
during the shutdown in one direction of traffic either for maintenance or due to accidents. 
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Figure 5-74:  Stress in cable C2-S when cable C1 was lost due to blast with varying live 
loading.
 
Figure 5-75:  Stress in Cable C7 when Cable C8 was lost due to blast with varying live 
loading. 
Figure 5-74 and Figure 5-75 respectively show the stresses for the two loading scenarios 
(full and half loading) for the loss of the backstay cable C1 and longest cable C8 
respectively.   The stresses are in N/mm2 fluctuating over a period of 15 seconds.  
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5.3.1.8.1 Discussion of results 
To determine the effect of the loading variation on the stresses in the cables when a cable 
was lost due to blast, the cable next to the cable lost due to blast for both cable loss 
scenarios was presented in Figure 5-74 and Figure 5-75.  The load variations considered 
are  
Full live loading on the bridge – which can be the case during traffic congestion / peak 
periods. 
One lane fully loaded and the other lane closed – this is a likely scenario when 
maintenance or accidents occur on the bridge. 
The stress in the cables when the bridge is fully loaded was highest in both cable loss 
scenarios i.e. the loss of the backstay C1 and the loss of the longest cable C8.   
For the loss of the backstay-C1 to blast, the highest stresses were redistributed to the 
closest cable which is cable C2 with the maximum stress when one lane was closed been 
1120N/mm2 and with full live loading 1516N/mm2.  The stresses are both lower that the 
UTS of the cable but a difference of up to 40% increase in stress is observed when 
comparing the loading variations.  
This is as discussed earlier due to the large spacing between the cables on the main span 
where the cable C8 which was lost due to blast caused the stress in the cable - C7 to 
increase significantly with a 300% increase in stress from 570N/mm2 when one lane was 
closed to when the bridge deck was fully loaded.   The closure of one lane however lead 
to torsional effects along the bridge deck and on the longitudinal girder of the bridge.  
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5.3.1.9   Comparison of quasi-static analysis with dynamic blast analysis 
This section compares the methodology adopted in this research for blast dynamic 
analysis and this is compared with the well-established method of quasi-static analysis 
method of using a dynamic amplification factor in a static analysis similarly to Model A 
described above. 
The effect of the cable lost on the stress in other cables is presented in this section.  The 
stress in the closest cable to the backstay when lost and the longest cable lost were 
compared for the DAF quasi-static analysis and the blast dynamic analysis. 
When the back stay cable was lost it redistributed forces to the nearby cables and the 
resulting effect was investigated using both the DAF method and a fully dynamic analysis.  
Both approaches are presented in this section for Model B. 
 
Figure 5-76:  Stress in closest cable to backstay cable C2 when backstay C1 was lost 
due to blast. 
The Figure 5-76 above shows the stress in the cable measured in N/mm2 over a period of 
1.4 seconds which is the period of the bridge.   The stress is the von Mises stress in the 
cable next to the back stay in Model B in the same plane (south).  The stress in the closest 
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cable C2 when cable C1 was both intact and then lost, determined using the DAF method 
are both presented over a standard period of 1 second. 
 
Figure 5-77:  Stress in closest cable C7 when the longest cable in the main span C8 was lost 
due to blast. 
To account for the effect of the loss of the cable(s) on the other cables, the stress in the 
closest cable(s) was determined in N/mm2  over a time period, measured in seconds, 
when the backstay and the longest cable in the main span was lost as shown in Figure 
5-77.  For the cases when the cables are still intact and when the cables were lost analysed 
using a static analysis. The stresses are determined at zero (0) seconds and at one (1) 
second which is the default presentation by Abaqus 6.13. 
5.3.1.9.1 Discussion of results 
To justify the importance of carrying out a detailed dynamic analysis when designing or 
assessing cable-stayed bridges for the loss of cable(s) due to blast, the stresses in the 
cable next to the lost cable was compared when using a quasi-static analysis (code 
recommended) and a dynamic blast analysis.  The quasi-static analysis suggest the loss 
of the cable suddenly with no relation to time, however Abaqus presentes the stress in 
the cable over a defult time of 1second.   
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The stress obtained in cable - C2 which is next to the lost backstay cable- C1 using the 
DAF method gives a maximum stress of 890N/mm2 which is 20% lower than the stresses 
obtained when using the dynamic blast analysis method.   
The maximum stress in cable - C7 due to the loss of the longest cable -C8 due to blast was 
obtained from the dynamic blast analysis which was 33% higher than the maximum 
stress obtained when using the code recommended analysis methods where a stress of 
1012N/mm2 was obtained. The DAF analysis gives a stress-time profile similar to that 
obtained from the dynamic blast analysis but the limitation is that it is not time 
dependent.   The stress tends to increase in the blast analysis over time, even past the 1 
second which gives a more realistic picture of the response of cable C7 to the loss of cable 
C8 as shown in Figure 5-77.  
 Effect of cable loss due to fire 
 To present the effect of cable loss due to fire the stresses in the other cables were 
obtained when the backstay C1 was lost and in addition when the longest cable C8 was 
lost. 
 
Figure 5-78: The effect of the loss of the backstay C1 due to fire on the stresses cable C2  
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Figure 5-79: The effect of the loss of the longest cable C8 due to fire on the stresses cable C7  
The Figure 5-79 gives the stress (N/mm2) in cable C2 which is in the same plane as cable 
C1 which was lost due to fire. The period for the measured stresses was the first 30 
seconds.   Figure 5-79 shows the stress in newton’s per millimetre square in cable C7 
which is next to the cable C8 lost due to fire shown over the first 30 seconds. 
5.3.2.1 Discussion of results 
The stress in cable C2 when the backstay C1 was lost due to fire shows a 15% increases 
over 1800 seconds as shown in Figure 5-79.    This percentage increase is rather low when 
compared to the percentage increase greater 100% experienced when the cable was lost 
due to blast.   The stress in the cable C7 when the longest cable – C8 was lost due to fire 
increased by 25% over 1800 seconds.   
The loss of cables during a fire event is usually a relatively gradual event and has a less 
impacting force such as that caused by blast however it also can lead to full or partial loss 
of a cable.  While the cable insulation burns and the enclosed steel heats up its Young’s 
Modulus and yield stress reduces making the cable the loose its stiffness and 
consequently increasing the stress in the nearby cables. 
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 Relation of cable loss time to period of the bridge  
The 7th and last objectives of this research states that “To establish the likely rupture time 
of the cable members used in a typical cable-stayed bridge in relation to the natural 
period of the bridge.”.  This was aimed at seeing if there is a relationship between the 
cable loss time and the period of the bridge manifesting in the level of damage to the 
structure. 
 
Figure 5-80: Effect of the loss of the backstay C1’s loss time in relation to the period (Tass) of 
the bridge on the stress in cable C2. 
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Figure 5-81: Effect of longest cable C8 loss time in relation to the period of the bridge (Tass) 
on the stress in C7. 
Figure 5-80 and Figure 5-81 above show the stress in the closest cable lost for different 
multipliers of the period of the bridge.  The stresses are measured in N/mm2 over the first 
10 seconds.  A dynamic non-linear explicit analysis was carried out to capture the sudden 
drop in force in the cable over 10 seconds.   
5.3.3.1 Discussion of results 
Progressive collapse analysis in buildings is more developed and researched than that in 
bridges.  A relationship has been established between the cable loss time and the period 
of the bridge to help guide the bridge engineer to determine the most critical cable 
removal periods in cases such as cable maintenance or bridge demolition.   
The backstay and the longest cables are lost over a varying 1%, 10%, 100%, 200% and 
300% of the natural period of the Model B.   The loss of the cable over 1% of its period 
gave the worst effect on the cable (highest stress) for both the loss of the backstay – 
(998N/m2 max) and the longest cable – (2170N/m2 max) as shown in Figure 5-80 and 
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Figure 5-81.  Losing the backstay -C1 over 2% of the period had the least effect resulting 
in a cable stress of 826N/mm2.   
When the cable removal time was 10% of the period of the bridge this also has a critical 
effect on the bridge with high stress for both cable loss scenarios.  However, all cable 
removal time variations considered, have a critical effect for the removal of longest cable 
C8 as shown in Figure 5-81. 
 Progressive collapse Check 
To determine if the stresses in the other cables are within the stress limit of the cable 
(less than the UTS) the initial stress in the cables are compared with the maximum stress 
in the cable.   
 
 
Table 5-4 and  
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Table 5-5 shows the stresses in N/mm2. 
 
 
 
 
 
 
 
 
Table 5-4:  Table showing initial and maximum stresses in the cable due to the loss of the 
backstay C1 due to blast. 
Type of 
Analysis 
 
 
Cable 
loss 
Scenario 
Stress Check Next cable 
 Adjacent 
Cable  
Closest 
to Pylon 
Middle 
Cable 
Longest 
Cable 
C2S C1N C4 C6 C8 
Quasi-
static 
Analysis 
DAF 
initial stress 316.00 428.70 201.60 598.80 556.40 
maximum stress 489.80 578.75 314.50 1011.97 790.09 
Check Okay Okay Okay Okay Okay 
Dynamic 
Analysis 
Blast 
initial stress 316.00 428.70 201.60 598.80 556.40 
maximum stress 1570.64 900.88 994.29 1504.90 1652.27 
Check Not okay Okay Okay Okay Not okay 
fire initial stress 316.00 428.70 201.60 598.80 556.40 
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maximum stress 403.98 923.99 796.95 1201.62 1201.62 
Check Okay Okay Okay Okay Okay 
2 cables 
lost  
initial stress 316.00 428.70 201.60 598.80 556.40 
maximum stress 1825.00 1304.00 1058.00 1752.00 2257.00 
Check Not okay Okay Okay 
Not 
okay Not okay 
Load 
variation 
initial stress 316.00 428.70 201.60 598.80 556.40 
maximum stress 1256.51 1140.46 652.64 927.00 864.13 
Check Okay Okay Okay Okay Okay 
 
 
 
 
 
 
 
 
 
 
 
Table 5-5: Table showing initial and maximum stresses in cable due to the loss of longest 
cable 
Type of 
Analysis 
Cable 
loss 
Scenario Stress Check 
Adjacent 
cable Next Cable Backstay 
Closest to 
pylon 
Middle 
cable 
C8N C7S/ C6S C1 C5S C6 
Quasi-
static 
Analysis 
DAF 
initial stress 556.40 608.00 428.70 655.42 598.80 
maximum stress 834.60 924.16 600.18 884.82 892.21 
Check Okay Okay Okay Okay Okay 
Dynamic 
Analysis 
Blast initial stress 556.40 608.00 428.70 655.42 598.80 
maximum stress 1780.48 1896.96 1204.00 1159.00 1886.22 
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Check Not okay Not okay Okay Okay Not okay 
fire 
initial stress 556.40 608.00 428.70 655.42 598.80 
maximum stress 973.70 1064.00 750.23 1146.99 1047.90 
Check Okay Okay Okay Okay Okay 
2 cables 
lost  
initial stress 556.40 608.00 428.70 655.42 598.80 
maximum stress 1997.00 2514.72 1623.00 1568.00 2236.71 
Check Not okay Not okay Not okay Not okay Not okay 
Load 
variation 
initial stress 556.40 608.00 428.70 655.42 598.80 
maximum stress 1398.00 1680.00 1285.00 1120.00 896.14 
Check Okay Not okay Okay Okay Okay 
. 
5.3.4.1 Discussion of results 
The maximum stresses in the cables obtained due to the loss of a cable was compared to the 
ultimate tensile strength of a cable to determine the likelihood of progressive collapse for 
Model B when the backstay -C1 was lost as shown in  
 
 
Table 5-4 and when the longest cable -C8 was lost as shown in  
 
 
 
 
 
 
 
 
 
Table 5-5 with the stresses in the next cable, the adjacent cable, the cable closest to the 
pylon, the backstay, the longest cable, middle cable and the shortest cable presented.    
When the backstay C1 and the longest cable -C8 were lost due to blast, the stresses 
determined using the DAF method showed that the maximum stresses in the cables 
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considered i.e. the next cable – C2S, the adjacent cable – C1, the cable closest to pylon – 
C4, the middle cable – C6 and the longest cable – C8 were all below the UTS –of 
1560N/mm2 having a stress increase in the range of 30-40%.   The DAF method shows 
that all the cables are still functioning.   This is due to the absence of the effect of time in 
the DAF analysis, however, the stresses increase over time in a blast analysis.  Therefore, 
progressive collapse will not occur as the stresses are below the ultimate tensile strength 
of the cable.   
However, using a dynamic blast analysis to lose the backstay to blast showed that the next 
cable – C2, the middle cable C6, and the longest cable C8 had their maximum stresses 
increased by up to 70-80% with values greater than the UTS of a cable, consequently this 
can lead to propagation of progressive collapse which was underestimated using the DAF 
analysis method.  With the loss of the longest cable all of the cables considered except the 
backstay resulted in final stresses less than the UTS of a cable.   The loss of two cables 
however cause increase in the range of 90-100% with all cables having their maximum 
stress greater than the UTS for both cable loss scenarios except for the backstay- C1 when 
the longest cables where lost. This can be due to the distance of the backstay from the 
longest cables – C7 & C8 lost due to blast.    
When one lane was loaded when the backstay or longest cable -C8 redistributed stresses 
to the remaining cable with the maximum stresses lower than the UTS.  Finally, when the 
backstay -C1 and the longest cable – C8 were lost due to fire the maximum stresses in the 
cables did not go above the UTS with a stress increase in the range of 15 – 40% for both 
cable loss scenarios because fire is a more gradual event and has less impact when 
compared to blast. 
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 Dynamic Amplification Factor for the cable loss triggering 
event 
The dynamic amplification actor is calculated for all the cable loss scenarios (backstay 
loss and longest cable loss) for the various cable loss triggering events.  Table 5-6 below 
shows the dynamic amplification factors obtained for the various locations on the bridge 
based on the cable loss triggering events. 
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Table 5-6: Dynamic Amplification Factors for Model B’s cable loss scenarios   
B
ac
ks
ta
y 
lo
st
 
Cable 
loss 
triggering 
event 
Cable loss 
scenario 
Other cable stresses 
Cable Deck 
Connection 
Cross 
beam at 
loss  Pylon Longitudinal girder Deck 
Next 
cable 
Adjacent 
cable 
Closest to 
pylon 
Middle 
cable in 
span 
Longest 
cable 
     
C2S/C3S C1N C4 C6 C8 U M U M U M U SF M U SF 
Blast 
I cable lost        9.54        8.64  
            
5.12  
     
10.25  
     
9.24         0.98  
     
0.83  
          
1.00  
       
4.28  
       
0.80  
   
1.08  
   
1.41  
      
4.43  
       
8.25  
             
1.57  0.95 
remove live 8.65       7.62  
            
4.16  
       
8.96  
     
8.52         0.95  
     
0.79  
          
0.85  
       
3.59  
       
0.74  
   
0.82  
   
1.26  
      
3.56  
       
6.57  
             
1.31  0.85 
2 cables lost      13.23      12.57  
            
6.79  
     
14.65  
   
13.22         1.14  
     
1.45  
          
1.02  
       
5.87  
       
0.77  
   
1.59  
   
1.85  
      
5.74  
       
9.22  
             
2.01  1.93 
Fire 
I cable lost        8.16        7.67  
            
4.88  
       
5.27  
     
8.09         0.88  
     
0.72  
          
0.94  
       
4.12  
       
0.68  
   
0.91  
   
1.17  
      
4.43  
       
5.87  
             
1.45  1.28 
                                      
Lo
n
ge
st
 c
ab
le
 lo
st
 
Cable 
loss 
triggering 
event 
Cable loss 
scenario 
Remaining cable stresses 
Cable Deck 
Connection 
Cross 
beam at 
loss  Pylon Longitudinal girder Deck 
First 
backstay 
Closest 
to pylon 
Adjacent 
cable 
Middle 
cable in 
span 
Next 
cable 
     
C1S  C4S   C8N   C6S   C7S  U M U M U M U SF M U SF 
Blast 
I cable lost      10.88        5.43  
          
10.28  
     
11.98  
   
11.58         8.95  
     
1.22  
          
0.99  
       
4.66  
       
1.26  
   
0.99  
   
1.64  
      
4.89  
       
4.86  
             
1.66  1.19 
remove live        9.54        4.58  
            
9.41  
     
10.27  
     
9.85         7.56  
     
1.06  
          
0.75  
       
3.95  
       
0.95  
   
0.36  
   
1.25  
      
4.37  
       
4.12  
             
1.32  0.98 
2 cables lost      12.34        6.98  
          
12.55  
     
14.09        11.95  
     
1.81  
          
1.38  
       
6.32  
       
1.22  
   
1.64  
   
2.34  
      
5.98  
       
6.57  
             
2.01  2.31 
Fire 
I cable lost        8.26        5.02  
            
8.57  
     
10.11  
     
9.54         8.58  
     
0.89  
          
0.99  
       
4.11  
       
1.05  
   
0.88  
   
1.24  
      
4.34  
       
4.22  
             
1.45  1.06 
Legend: M-Bending moment, U- Displacement, SF- Shear Force 
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5.3.5.1 Discussion of results 
As mentioned in the DAF discussion for Model A, the DAF is a dimensionless ratio 
comparing the dynamic effect difference to the static effect difference before and after a 
cable was lost. 
The DAF obtained for the stresses in cables when the backstay was lost showed values 
with an average of 8.5 for the next cable C2 – 9.54 for the adjacent cable C1N – 8.64 and 
for the middle cable a DAF value of 10.25. However, the shortest cable which is closest to 
the pylon had a lower DAF value of 5.12 when cable C1 was lost due to blast. When the 
longest cable was lost due to blast however the DAF was 10-15% higher on all cables 
considered.  When two cables are lost the DAF increase by 39% which shows how 
susceptible this bridge model is to the loss of one cable and even more so two cables.  The 
loss of the backstay -C1 to fire gives lower DAF values for all cables considered (average 
of 6) which is still higher than the code recommended value of 2. 
The DAF for the bending moment in the deck was 8.25 for C1 loss and 4.86 for C8 loss, 
and the DAF for the bending moment in the pylon was 4.28 for C1 loss and 4.66 for C8 
loss. These values are higher than the code recommended value hereby implying that a 
different DAF is to be used when designing for the pylon and deck in bending.  It is noted 
that the DAF is higher for the moment in the deck when the backstay was lost which could 
be due to the loss of the out-of-balance forces catered for by the backstay.  
The DAF for the cross beams moment and displacement, the displacement of the pylon, 
the displacement of the longitudinal girder and the deck as well as the shear force in the 
deck all fall below 2 for both cable loss scenarios.   However, the DAF for the displacement 
at the cable deck connection is higher (average 8.2) when the longest cable was lost when 
compared to when the backstay was lost (0.96 average) which is due to the large spacing 
of 63 m between the cables of the main span leading to very high deflections at the cable 
deck connection point.   
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5.4 Results for Model C 
The last set of results to present is those for Model C in respect to its structural response 
to the loss of cables due to various triggering events. 
 The effect of the cable lost due to blast on Model C  
The global deformation of Model C as well as the von Mises stress distribution to the loss 
of the backstay cable CB1 is shown in the Figure 5-82 below.  The stress distribution is 
measured in N/m2 as obtained directly from Abaqus 6.13.  At the time of the loss of the 
backstay CB1 to blast, the bridge was fully loaded with the live load which was a UDL of 
5 kN/m2 and a concentrated load. The deflected shape is presented in the global 
coordinate system. 
 
Figure 5-82 Deformed shape of Model C with Cable CB1 lost (stress units in N/m2) 
The figure below likewise shows the global deformation of Model C as well as the von 
Mises stress distribution resulting from the loss of the longest cable CB8 which is shown 
in Figure 5-83 below.  The stress distribution is measured in N/m2 as obtained directly 
from Abaqus 6.13.  At the time of the loss of the backstay CB1 to blast, the bridge was fully 
loaded with a UDL live load of 5 kN/m2 and a concentrated load. The deflected shape is 
presented in the global coordinate system.  
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Figure 5-83: Deformed shape of Model C with cable CB9 (stress units in N/m2) 
 
5.4.1.1 The effect of individual cable loss on the remaining 
cables  
The stress in the other cables when the cables CB1 and CB8 are lost individually is shown 
in Figure 5-84 and Figure 5-85.   The stresses are shown on N/mm2 for when each of the 
cable is lost during a dynamic explicit analysis for the loss of the cables due to blast. 
 
5.4.1.1.1 Backstay loss 
The effect of the loss of the backstay cable CB1 on other cables is presented in Figure 5-84 
below.   
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Figure 5-84:  Effect of the loss of the backstay CB1 on the remaining cables for Model C 
The figure above shows the stresses in the other cables for Model C when the cable CB1 
which is attached to the deck at the bearing end the deck (backstay) was lost due to blast, 
where the stresses are measured in N/mm2 over a period of 10 seconds.  The stresses 
were obtained from a dynamic explicit analysis losing the cable blast amplitude 
presented in Figure 5-84.  Full load according to Eurocode was initially applied over 0.48 
seconds after which the cable CB1 was lost due to blast. 
Discussion of result 
The loss of the backstay due to blast shows the highest forces are redistributed to the 
adjacent two (2) cables - CB2 (1855N/mm2) and CB3 (1679N/mm2), also cable CB6 
which is a middle cable connected to the other side of the same pylon as the lost cable 
CB1 is connected to (1625N/mm2). These are the cables with values higher than 
1560N/mm2 which is the Ultimate Tensile Stress –UTS of the cables as shown in Figure 
5-84. 
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It is noticed that cable CB8, which is the longest cable along the main span in the same 
plane as the backstay lost has the lowest force redistributed to it (maximum stress – 
884N/mm2).  However, the closest cable to the pylon had the lowest stress redistributed 
to it for the loss of the longest cable noticed in the vehicular models – Model A and Model 
B.  The cable closest to the pylon had the second lowest force redistributed to it when the 
backstay was lost due to blast. 
 
5.4.1.1.2 The Longest Cable lost 
The stresses in the other cables when the longest cable CB9 was lost was also determined 
for Model A.  The stresses as shown in Figure 5-85 were determined in N/mm2 over a 
period of 10 seconds.  Full load according to the Eurocode was initially applied over 0.48 
seconds after which the cable CB9 was lost due to blast. 
 
Figure 5-85:  Effect of the loss of the longest cable CB8 on the remaining cables for Model C 
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Figure 5-86:   Stress distribution in the remaining cables caused by the loss of cables CB1-CB9  due to blast load. 
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Table 5-7: Table showing initial and maximum stresses in cable due to the loss of CB1 – CB8 due to blast – (All units in N/mm2) 
  CB1 CB2 CB3 CB4 CB5 CB6 CB7 CB8 CB9 CB10 CP11 CP12 CP13 CP14 CP15 CP16 
ORIGINAL 
STRESS  
                    
419.19  
               
374.47  
        
300.15  
            
230.43  
        
230.43  
        
300.15  
        
374.47  
        
419.19    
                      
374.47  
                      
300.15  
                      
230.43  
                      
230.43  
                      
300.15  
                      
374.47  
                      
419.19  
CABLE 9 
LOST 
                
1,436.37  
           
1,545.94  
    
1,380.59  
            
864.43  
    
1,095.94  
    
1,667.88  
    
1,508.94  
    
1,036.44    
                  
1,856.95  
                  
1,717.64  
                  
1,239.38  
                      
533.50  
                  
1,196.52  
                  
1,359.61  
                  
1,252.03  
 okay   okay   okay   okay   okay   Fail   okay   okay    Fail   Fail   okay   okay   okay   okay   okay  
CABLE 7 
LOST 
                
1,217.73  
           
1,035.98  
    
1,148.69  
            
404.99  
    
1,317.52  
    
1,939.19    
    
1,331.38  
    
1,092.20  
                  
1,544.80  
                  
1,673.90  
                      
917.68  
                      
917.68  
                  
1,387.00  
                  
1,553.42  
                  
1,438.28  
 okay   okay   okay   okay   okay   Fail     okay   okay   okay   Fail   okay   okay   okay   okay   okay  
CABLE 6 
LOST  
                    
315.82  
               
237.82  
    
1,185.92  
            
423.34  
    
1,050.64    
    
1,401.80  
        
983.78  
        
888.10  
                  
1,214.18  
                  
1,350.18  
                      
856.12  
                      
596.14  
                  
1,134.40  
                        
1214.28  
                  
1,108.97  
okay okay okay okay okay   okay okay okay okay okay okay okay okay okay okay 
CABLE 5 
LOST  
                
1,075.65  
           
1,160.56  
    
1,036.13  
            
659.31    
    
1,411.23  
    
1,260.96  
        
864.27  
        
888.71  
                  
1,194.15  
                  
1,328.03  
                      
847.00  
                      
555.77  
                  
1,108.50  
                  
1,221.76  
                  
1,126.65  
okay okay okay okay okay   okay okay okay okay okay okay okay okay okay okay 
CABLE 4 
LOST  
                
1,168.68  
           
1,271.13  
    
1,164.44    
        
808.14  
    
1,287.54  
    
1,158.90  
        
779.94  
        
888.79  
                  
1,199.25  
                  
1,334.64  
                      
852.15  
                      
555.89  
                  
1,112.80  
                  
1,228.88  
                  
1,133.90  
okay okay okay okay okay   okay okay okay okay okay okay okay okay okay okay 
CABLE 3 
LOST 
                
1,248.16  
           
1,248.16  
                 
-    
            
753.83  
        
709.02  
    
1,188.66  
    
1,073.25  
        
789.02  
        
888.19  
                  
1,221.97  
                  
1,351.60  
                      
851.81  
                      
595.32  
                  
1,134.55  
                  
1,217.63  
                  
1,113.50  
okay okay okay okay okay   okay okay okay okay okay okay okay okay okay okay 
 CABLE 2 
LOST  
                
1,579.12  
                        
-    
  
1,627.39  
            
929.32  
        
807.77  
    
1,906.42  
    
1,308.03  
        
976.47  
    
1,018.98  
                  
1,481.66  
                  
1,625.62  
                  
1,014.80  
                      
708.25  
                  
1,360.38  
                  
1,469.20  
                  
1,347.57  
fail okay fail okay okay   okay okay okay okay fail okay okay okay okay okay 
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Discussion of results 
The loss of the longest cable -CB9 due to blast leads to the cable next to it –CB10 to have 
the highest forces redistributed to it resulting in stress up to 1691N/mm2 which is the 
only cable with stresses over the Ultimate Tensile Strength of the cable.   Even though this 
cable-stayed footbridge is not as long and wide as the other models, it is more flexible and 
carries a different type of load combined with the pylon been less rigid (I-pylon) there is 
a higher tendency for stress fluctuations on this bridge due to the excitations caused by 
the movement of the pedestrian traffic and wind load.  
The cables CB1 and CB16 (both backstays) and CB2 also have high stresses due to the loss 
of the longest cable – CB9 due to blast while the cables CB4 has the lowest stress 
redistributed to it as shown in Figure 5-85.    
The cables in the centre of the plane of cable - CB14 and the other longest cable CB8 have 
similar stress profiles due to the loss of cable CB9 with maximum stress of 1220N/mm2. 
5.4.1.2    Effect of cable loss on the remaining cables  
The analysis of footbridges for the loss of one or more cables has not been observed.  To 
understand the response of this highly non-linear structures the cables CB1 –CB8 (all 
cables attached to the first pylon) are lost and the stresses on the other cables as well as 
the initial stress in the cables are presented in the  Figure 5-86.   
The maximum stresses are then identified for each cable on the bridge when the cables 
CB1- CB8 were lost due to blast over 30 seconds.  The stresses are measured in N/mm2 
which are compared to the ultimate tensile stress of the cables used on the bridge (1560 
mm2) to identify the possibilities of progressive collapse as shown in   Table 5-7 above.   
Discussion of results 
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5.4.1.2.1 Discussion of results 
The location of the lost cable affected the response of the cable-stayed footbridge to the 
loss of a cable.     When a cable is lost, the force in the cable is redistributed to the cables 
nearest to it.   The other cables attached to the same pylon from which the cable was lost 
have additional forces redistributed to them when compared to the cables connected to 
the other pylon. 
The loss of the longest cable (CB9) redistributes its force to all the cables up to the 
backstay.  The cables on the left side of the unaffected pylon also experience an increase 
in stress showing that the loss of this cable will have the worst effect on the cable-stayed 
footbridge as a whole as shown in Figure 5-83.  This increase is due to sag in the deck when 
the cable was lost leading to a tension increase in the cables and hereby stressing the 
cables in this plane further.    
Furthermore, the loss of the longest cable CB9 causes the cables next to it to be highly 
stressed as shown in Figure 5-83 in red and orange.  It is noted that the middle cable in 
the other plane of cables is also highly stressed similarly to when the backstay is lost.   
Table 5-7 shows the maximum stress in the cables when the cables CB- CB9 are lost due 
to blast compared to the initial stress in the cables.  The loss of cables CB9, CB7, CB2 and 
CB1 shows cable stress in some of the cables exceeding the UTS.   Figure 5-86 shows the 
initial and maximum stresses achieved.  The cables that cause the failure of other cables 
when lost are the extreme cables on each pylon i.e. CB1, CB2, CB7 CB8.   The cables that 
failed were the cables around the cables lost (closeness effect, the cables in the middle of 
the plane (stabilising effect).  The effect of the forces picked up by the cables in the zone 
of cable loss the Author has termed the proximity effect while the force increase due to 
the cables trying to balance out the effects caused by the loss a cable has been termed the 
stabilising effect. 
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5.4.1.3   Effect on the cable to deck connection point 
The effect of the loss of the cables on the cable to deck connection point (Nodes A & B as 
described in section4.5.1) is presented using the vertical displacement of the node over a 
period of 10 second for the loss of cables CB1 and CB9 respectively as shown in Figure 
5-87 and Figure 5-88.  The cable was lost after the bridge was fully loaded for 0.48 
seconds and the displacements determined using a non-linear dynamic explicit analysis. 
 
Figure 5-87: Vertical Displacement of node A due to the loss of the backstay CB1 due to 
blast. 
 
Figure 5-88:  Vertical Displacement of node B due to the loss of the longest cable CB9 to 
blast.   
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5.4.1.3.1 Discussion of results 
The loss of the backstay CB1 on the cable-deck connection point, labelled Node A, gave a 
displacement of 50 mm which is because the bridge is supported at this point.  The 
connection vibrates a little but reaches equilibrium after 4 seconds as shown in Figure 
5-87. 
For the loss of the longest cable - CB9, the cable-deck connection, labelled Node B, has a 
maximum displacement up to 160 mm when the cable was lost due to blast as shown in 
Figure 5-88 because when the support provided by the cable was lost Node B will deflect 
instantly but restores as the forces are redistributed to other cables. 
5.4.1.4   Effect of selected cable loss on the deck 
The loss of the cable due to blast had a noticeable impact on the deck of the bridge which 
is normally in compression supported by the cables.  The displacement and bending 
moment along the longitudinal centre of the deck is shown when the cables CB1 and CB9 
are lost to blast.  The moment is measured in kNm while the displacement is given in 
metres both plotted against the longitudinal span of Model C as shown in Figure 5-89 and 
Figure 5-90.  
5.4.1.4.1 Discussion of results 
Bending Moment 
The bending moment in the deck is similar when the backstay was lost comparing it to 
the bending moment when the longest cable was lost.  However, there is little difference 
at the zone of the cable loss in the bending moment diagram as shown in Figure 5-89 and 
Figure 5-90.    
The loss of the backstay due to blast causes a maximum bending moment at the 
longitudinal centre of the bridge with a maximum bending moment of 1001 kNm.  The 
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bending moment around the zone of cable loss was also high and very close to the 
maximum of 990 kNm with the bending moment before blast being 132 kNm as shown 
in Figure 5-89. 
For both cable loss scenarios, the difference between the post-blast and during blast 
bending moments was about 4%. 
 
Figure 5-89:  Bending moment along the longitudinal span of deck when the backstay CB1 
was lost due to blast.  
 
Figure 5-90:  Bending moment along the longitudinal span of deck when the longest cable 
CB9 was lost due to blast.  
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The displacement of the deck along the longitudinal centre of the deck is measured in 
metres over the span of the bridge also measured in metres.  The vertical displacement 
due to the loss of the backstay CB1 is shown in the Figure 5-91 while the Figure 5-92 
shows the vertical displacement in metres due to the loss of the longest cable CB9. 
 
Figure 5-91:  Vertical displacement along the longitudinal span of deck when the backstay 
CB1 was lost due to blast.  
 
Figure 5-92:  Vertical displacement along the longitudinal span of deck when the longest 
cable CB8 was lost due to blast. 
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Vertical displacement 
The loss of the backstay gives a sag along all spans while the vertical displacement 
increased during blast to 48 mm along the mid-span and after the blast to 70 mm along 
the mid-span from the pre-blast deflection of 9.3 mm along the mid-span as shown in 
Figure 5-91.   
When the longest cable CB9 was lost due to blast the vertical displacement along the 
centre of the deck caused an uplift along the outer spans of a maximum of 6 mm and a sag 
of 250 mm along the centre span where the cable CB9 was lost as shown in Figure 5-92.  
The vertical displacement along the deck was higher when the longest cable - CB9 was 
lost due to blast when compared to the loss of the backstay -CB1 because of the increase 
in the unsupported span due to the loss of the longest cable.  The backstay was connected 
to the supported end of the bridge therefore reducing the vertical displacement impact 
on the longitudinal span of the bridge deck.   
5.4.1.5   Effect of selected cable loss on the pylon 
The effect of the loss of a cable due to blast on the major members of a cable-stayed 
vehicular bridge was investigated.  The effect on the pylon was also considered looking 
at how the bending moment and the displacement of the pylon change after the cable was 
lost. 
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Figure 5-93: Pylon-1 bending moment for when cable CB1 was lost due to blast. 
  
Figure 5-94: Pylon-2 bending moment for when cable CB9 was lost due to blast 
Figure 5-97 and Figure 5-94 shows the bending moment in the pylon just before the blast 
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cables CB8 and CB1 were lost to blast respectively.  The bending moment is measured in 
kNm over the height of the pylon which is presented in metres.   
 
Figure 5-95: Deflection of the pylon 1 connected to the backstay CB1 when the backstay was 
lost due to blast. 
 
Figure 5-96:  Deflection of the Pylon 2 connected to the longest cable CB9 when the longest 
cable CB8 was lost due to blast. 
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Figure 5-95 and Figure 5-96 above shows the displacement of the pylon measured in 
metres along the length of the pylon when the backstay was lost and when the longest 
cable was also lost.   
5.4.1.5.1 Discussion of results 
Bending Moment 
The loss of the backstay CB1due to blast, caused the pylon bending moment to increase 
up to 15,000 kNm at the base of the pylon while the loss of the longest cable CB9 due to 
blast produced a bending moment of up to 12,000 kNm at the base of the pylon to which 
the cable lost was connected to having an initial bending moment of 1000 kNm before 
blast as shown in Figure 5-89 and Figure 5-90.  This increase in bending moment is due 
to the flexibility of the I-pylon.  
The pylons have opposite bending profiles due to the loss of the backstay and the longest 
cable.  This is based on the varying position of the cable lost on the pylons which will 
affect the response of the pylon.  When the backstay was lost, the pylon bent towards the 
bridge span while the loss of the longest cable which is connected to the second pylon 
caused the second pylon to bend towards the backstay direction.   
Displacement 
The displacement increased by 85% during the blast from the initial maximum deflection 
before the blast of 35.2 mm and increase another 42% after blast from the value during 
blast when the backstay -CB1 was lost due to blast as shown in Figure 5-95. 
The loss of the longest cable – CB9 causes an increase in the vertical displacement at the 
tip of the pylon from 42 mm before blast to 128 mm, during blast and up to 248 mm after 
blast as shown in Figure 5-96 .    
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As expected, the pylon shows lower displacement when the backstay was lost when 
compared to when the longest cable was lost due to blast.   
 
5.4.1.6   The effect of two cables lost 
The codes and guidelines relevant to cable loss in tension structures recommend that 
these structures are designed for the loss of a cable.  There is however the likelihood for 
the loss of two cables due to blast especially in cases where the cables are close to each 
other.  The figures below show the deformed shapes of Model C when two cables are lost 
from the backstay zone and from the longest cable zone, see Figure 5-97. 
 
Figure 5-97:  Deflected shape of Model A for one and two cables lost. 
One cable lost 
Two cables lost 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 261  
 
5.4.1.6.1 Stress in remaining cables. 
The Figure 5-98 shows the stresses in the remaining cables on the bridge for Model A 
with the stresses measured in N/mm2 over a period of 10 seconds for the loss of cables 
CB9 and CB10 while Figure 5-99 shows the stresses for the loss of cables CB1 and CB2 
which are both back stays of the bridge.   
  
 
Figure 5-98: Stress in other cables due to the loss of cables CB9 and CB10. 
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Figure 5-99  Stresses in other cables due to the loss of the two backstays CB1 & CB2. 
5.4.1.6.2 Effect of the loss of two cables due to blast on the deck 
Looking at the effect of two cables lost in sequence as opposed to losing the two (2) cables 
simultaneously.  The vertical deflection along the deck and displacement in the pylon is 
observed.  The first cable -CB1 is lost after the bridge is fully loaded for 0.48 seconds then 
the next cable to it CB2 is lost immediately after the bomb is detonated.  The vertical 
displacement obtained along the longitudinal centre of the girder is obtained from the 
explicit analysis carried out in Abaqus 6.13. 
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Figure 5-100: Vertical displacement of deck when both cables CB1 & CB2 were lost 
sequentially. 
 
Figure 5-101: Vertical displacement of the deck when cables CB9 & CB10 were lost 
sequentially. 
The figures : Figure 5-100 and Figure 5-101 above shows the vertical displacement of the 
deck of Model A measured in metres when the backsyas are loss sequentially with the 
CB1 lost first followed bythe CB2.  The defelcted shape along the longitudinal length of 
the bridge before the loss of CB1 to blast (full oading on bridge), then the shape when one 
cable CB1 is lost followed by the loss of CB2.   
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5.4.1.6.3 Effect of the loss of two cables on the pylon 
 
Figure 5-102: Deflection of pylon when the backstays are lost sequentially 
 
Figure 5-103:  Deflection of pylon when the longest cable CB8 were lost sequentially 
The Figure 5-102 and Figure 5-103 above shoes the deflection of the pylon along the 
longitudinal plane of the bridge.  The deflection was measured in metres over the length 
of the pylon which is fixed at the base.  The deflection of the pylon when one cable was 
initially lost compared to when two (2) cables was lost due to blast. 
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5.4.1.6.4 Discussion of results 
Stress in the remaining cables 
When the longest cable and the one next to it – CB9 and CB10 respectively were lost due 
to blast the cables next to the cables lost CB11 (2136N/mm2) and CB8 (2259N/mm2) 
have the highest forces redistributed to them, as shown in Figure 5-99.  The cables in the 
middle of the plane and backstays also have high forces redistributed to them with values 
greater than the UTS capacity of the cable.  The closest cable to the pylon – CB4 was not 
really affected just as in the case of losing just one cable due to blast which is due to the 
inclination of the cable and its distance from the location of cable loss.  
Cable CB3 – (maximum stress 2411N/mm2) and cable CB6 (maximum stress -  
1645N/mm2) have the highest stresses when the backstays - CB1 and CB2 were lost due 
to blast with the stresses above the UTS of the cable implying progressive collapse of the 
bridge.  Similarly, when the longest cable -CB9 and CB10 were lost due to blast, the cable 
closest to the pylon -CB4 is not affected by the cable loss as shown in Figure 5-98.   
Effect on the deck 
There is a noticeable increase in the vertical displacement of the deck along the 
longitudinal centre when the two backstays CB1 and CB2 were lost due to blast.  Figure 
5-100 shows the vertical displacement when one cable was lost to be 70 mm which 
increased to 175 mm when two cables were lost along the mid-span of the bridge deck. 
For the loss of the longest cables CB9 and CB10 the maximum displacement along the 
longitudinal span of the deck increased from 252 mm when one cable was lost to 504 mm 
for the loss of these two cables due to blast as shown in Figure 5-101. 
This bridge model shows fluctuations of the bridge deck as the cables detension and 
redistributes their forces.  A similar behaviour is noticed when the longest cables CB9 and 
CB10 were lost due to blast. 
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Effect of the pylon 
The shape of the pylon has a large contributing factor on the response of the pylon top 
the loss of two cables CB1 and CB2.  For Model C, the pylon is an I-pylon therefore it will 
have large displacement at the top when one of the two top cables are lost.  The results of 
the loss of the backstay cables -CB1 and CB2 due to blast on the pylon to which they are 
connected (Pylon 1) is a reduction in the deflection for the loss of two cables which is 124 
mm when compared to the deflection for the loss on one cable -203 mm as opposed to 
the deflection before loss of 35 mm.  The further loss of the two cables led to the 
redistribution of forces in the second plane which pulled down on the middle plane 
causing a decrease in the deflection of the pylon connected to the plane the cables are lost 
from as shown in Figure 5-102.  
The loss of the longest cable CB9 and the adjacent one CB10 as shown in Figure 5-103 
causes the pylon’s deflection at the tip to increase from 238 mm to 523 mm from when 
one cable was lost to the loss of the two cables.  
 
5.4.1.7  Effect of load variation 
For footbridges two loading scenarios are considered in this research for the loss of 
cables due to blast  – losing the cable with the footbridge fully loaded – (foot bridge UDL 
and concentrated load) due to blast and losing the cable with the footbridge fully loaded 
and horizontal load applied due to blast. 
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Figure 5-104:  Stress in CB2 when CB1 is lost to blast with varying live loading 
 
Figure 5-105:  Stress in Cable CB10 when CB9 is lost to blast with varying live loading 
The Figure 5-104 and Figure 5-105 respectively show the stresses for the two loading 
scenarios (full and horizontal plus full) for the loss of the backstay CB1 and longest cable 
CB9 respectively.   The stresses are in newton millimetres’ square over a period of 10 
seconds.  
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5.4.1.7.1 Discussion of results 
The loss of the cable CB8 with full application of the horizontal load which represents full 
movement of people on a cable-stayed footbridge induces excitation of the deck.  The full 
presence of the horizontal load has a greater effect over the main span causing an 
increased sag along the centre of the main span of the deck. 
The effect of the loading condition on the stresses in the cables next to the cable lost to 
blast is shown in Figure 5-104  and Figure 5-105.  The stress with only live loading and 
live loading for footbridge with a horizontal loading shows and increase of 15% with a 
maximum stress of 2060N/mm2 when the backstay was lost due to blast.  While for the 
loss of the longest cable – CB9 the maximum stress was 2064N/mm2 showing an increase 
of 22% when the horizontal load was applied alongside the full live footbridge loading.   
 
 Comparison of quasi-static analysis to dynamic blast analysis 
This section compares the DAF method with the blast dynamic analysis as shown 
previously for Model A and B 
The stress in the closest cable to the backstay when lost and the longest cable lost is 
compared for the DAF quasi-static analysis and theblast dynamic analysis 
5.4.2.1 Stress in closest cable when backstay is lost 
When the back stay is lost it redistributes stresses to the nearby cables and the effect 
using various DAF method in comparison to the loss to blast is presented in this section 
for Model C.    
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Figure 5-106:  Stress in closest cable to backstay CP2 when backstay CP1 is lost 
The figure above Figure 5-106 shows the stress in the cable measured in Newton per 
millimetre square over 0.48 seconds which is the period of the bridge.   The stress is the 
von misses stress in the cable next to the back stay in Model A.  The stress in the cable 
when intact and lost using DAF method are both presented over the standard time of 1 
second. 
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5.4.2.2 Stress in closest cable when longest cable is lost 
 
v 
Figure 5-107:  Stress in closest cable CB10 when longest cable in main span Cb9 was lost 
 
To account for the effect of the loss of the cable(s) on the other cables the stress in the 
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5-107.  For the case when the cables are still intact and when the cables are lost analysed 
using static analysis. The stresses are read at zero (0) seconds and at one (1) second 
which is the default presentation by Abaqus 6.13. 
5.4.2.3 Discussion of results 
For the loss longest cable due to blast, the stress in the closest cable was 600N/mm2 
higher the when analysed using a dynamic analysis as shown in Figure 5-107.  When the 
backstay was lost there was an increase of 500N/mm2 when compared to the stress in 
the cable CB2 when still intact after 1 second as shown in Figure 5-106.  This results show 
that the use of a code/guideline method of analysis for the loss of a cable on cable-
supported bridge is too conservative and underestimates the effect on the other cables.  
It is therefore advisable and recommended by other researchers such as Ruiz-Teran & 
Aparicio 2007; Mozos & A.C. Aparicio 2010; Park et al. 2008; Ruiz-Teran & Aparicio 2009 
to carry out detailed dynamic analysis as opposed to using the DAF method. 
 Effect of cable lost to fire 
 To present the effect of cable loss to fire the stresses in the other cables are obtained 
when the backstay CB 1 is lost and when the longest cable CB9 is lost. 
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Figure 5-108: Effect of the loss of backstay to fire on stresses in other cables 
 
Figure 5-109:  Effect of the loss of longest cable CB9 to fire for  Model C 
The Figure 5-108 above shows the stress in other cables when CB1 is lost to fire measured 
in N/mm2 over 1800 seconds, while the Figure 5-109:   shows the stress in other cables 
when the longest cable CB9 was lost due to fire.  The fire analysis is carried out as a 
dynamic implicit analysis. 
5.4.3.1 Discussion of results 
The loss of the cable CB1 – backstay over 30 minutes to fire is presented in Figure 5-108.  
The stresses in the cables CB1, CB8, CB4, CB10, CB12 AND CB16, which are all the 
remaining cables considered gradually increase over time as the Young Modulus and the 
yield stress of the cable exposed to fire both reduce in the event of the fire heating up the 
cable CB1.  The cable next to the backstay CB2 has the highest stress redistributed to it 
up to a maximum stress of 632N/mm2. 
0
100
200
300
400
500
600
700
0 200 400 600 800 1000 1200 1400 1600 1800
St
re
ss
 -
N
/m
m
2
Time -seconds
C1 C4 C8 C10 C12 C16
CB9 lost to fire
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 273  
 
When the longest cable CB9 was lost to fire the cable next to it – CB10, increases in stress 
gradually and then maintains a slow growth up to 1800 seconds.  While the second 
backstay CB16 achieves a maximum stress of 690N/mm2 abruptly in stress at the start of 
the fire over the first 50 seconds then reduces in stress as it slacks till 900 seconds after 
which it remains rather constant till 1800 seconds.   The other cables such as the backstay 
- CB1, cables in the middle plane CB6, CB8 just show a gradual increase in stress over time 
as shown in Figure 5-109. 
 Progressive collapse Check 
A progressive collapse check on the cables was carried out in a similar way as for Model 
A and B above.  However, the cables CB1 to CB9 were all lost to obtain the effect on other 
cables on the footbridge.  Table 5-8 and Table 5-9 shows the stress in the cables compared 
to the initial stress have been and checked to determine if the cable increase go beyond 
the ultimate tensile strength of the cable 
 
5.4.4.1 Discussion of Results 
The loss of the backstay CB1 can lead to likely progressive collapse initiated from the next 
cable to the cable lost CB2 when lost due to blast, when CB1 and CB2 are and when the 
loading on the bridge is varied i.e. both blast load and horizontal loading present on the 
bridge at the same time.  The other backstay CB16 also has high maximum stresses when 
2 cables were lost and when the loading is varied on the bridge deck (horizontal load 
added on) as shown in Table 5-8. 
However, for the loss of the longest cable, the stresses in the cable next to the cable lost -
CB10 went past the UTS when one cable is lost due to blast.   The loss of two cables due 
to blast caused all cables considered, except for the one closest to the pylon, to exceed 
their UTS.  Finally, for the load variation which is the addition of a horizontal load to the 
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full live loading on the footbridge model - Model C, the closest cable to the pylon – C4 and 
the longest cable in the first plane -C8 have  stresses below the UTS value.   
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Table 5-8:  Progressive collapse check for the loss of the backstay on other cables in Model C 
Analysis Type 
Cable loss 
Scenario 
Stress Check 
Next cable 
to the lost 
cable 
Closest to 
pylon 
Longest in 
the same 
plane 
Longest in 
other 
plane 
Other 
backstay 
CB2 CB4 CB8 CB9 CB16 
initial stress   N/mm2 
                      
374.47  
                      
230.43  
                      
419.19  
         
419.19  
       
419.19  
Quasi-static 
Analysis 
DAF 
maximum 
stress  -  N/mm2 
                      
801.37  
                      
435.51  
                      
974.20  
         
733.58  
2.938E-
11 
  Check okay okay okay okay okay 
Dynamic 
Analysis 
Blast 
maximum 
stress  -  N/mm2 
                  
1,854.77  
                      
908.66  
                      
926.44  
      
1,502.30  
   
1,451.75  
Check fail okay okay okay okay 
Fire 
maximum 
stress - N/mm2 
374.47 374.47 374.47 374.47 374.47 
Check okay okay okay okay okay 
2 cables 
lost  
maximum 
stress - N/mm2 
2411.1984 1181.2528 1204.366147 1356.758 2177.628 
Check fail okay okay okay fail 
Load 
variation 
maximum 
stress - N/mm2 
                  
2,132.98  
                  
1,049.50  
                  
1,070.03  
      
1,735.15  
   
1,676.77  
Check fail okay okay fail fail 
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Table 5-9:  Progressive collapse check for the loss of the longest cable on other cables in Model C 
Analysis 
Type 
Cable loss 
Scenario 
Stress Check 
First 
backstay 
Closest 
to pylon 
Longest 
cable in 
first plane 
Next to cable 
lost 
Other 
backstay 
CB1 CB4 CB8 CB10 CB16 
initial stress N/mm2 
            
419.19  
        
230.43  
            
419.19  
                 
374.47  
            
419.19  
Quasi-static 
Analysis 
DAF maximum stress N/mm2 
            
897.07  
        
435.51  
            
974.20  
1310.64 
            
733.58  
  Check okay okay okay okay okay 
Dynamic 
Analysis 
Blast 
maximum stress 
N/mm2 
         
1,436.37  
        
864.43  
         
1,036.44  
             
1,856.95  
        
1,252.03  
Check okay okay okay fail okay 
Fire 
maximum stress-N/mm2 632.98 569.8 512.71 461.44 419.19 
Check okay okay okay okay okay 
2 cables 
lost  
maximum stress N/mm2 1752.37 1210.20 2280.16 2404.69 1878.04 
Check fail okay fail fail fail 
Load 
variation 
maximum stress N/mm2 
         
1,651.83  
    
1,054.60  
         
1,264.45  
             
2,265.48  
        
1,821.70  
Check Fail okay okay fail fail 
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 Relation of cable loss time 
One of the objectives of this research is see if there is a relationship between cable loss 
time and the period of the bridge.  The period of the bridge has been identified as Tass. 
 
Figure 5-110: Effect of backstay removal time in relation to the period of the bridge on the 
stress distribution in CB2 (Tass is period of the bridge) 
 
Figure 5-111: Effect of longest cable CB9 loss time in relation to the period of the bridge on 
the stress in CB10. (Tass is period of the bridge) 
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The figures above - Figure 5-110 and Figure 5-111 show the stress in the closest cable 
lost over varying ratios of the period of the bridge.  The stresses were measured in 
N/mm2 over the first 10 seconds.  A dynamic non-linear explicit analysis was carried out 
to capture the sudden drop in force in the cable over ratios of the natural period of the 
footbridge – Model C.   
5.4.5.1 Discussion of results 
The removal of the cable over the fundamental period (Tass) of the bridge has the worst 
effect on the cables for both the loss of the backstay CB1 lost over 1%Tass having a 
maximum stress of 3088N/mm2 and at 10%Tass –the stress has decreased to 2983N/mm2 
when he backstay was lost as shown in Figure 5-110.  The loss of the longest cable CB9 
also has the worst effect when the cable was lost over 1%Tass as shown in Figure 5-111.  
This is in agreement with the results obtained by Ruiz-Teran & Aparicio 2009 in their 
research stating that  “When the breakage time lasts less than one hundredth of the 
fundamental period of the structure, the maximum value of the DAF is reached 
irrespective of the way in which the stay cable is broken and of the normalized shape-
function that is used”. 
 Dynamic Amplification Factor for the cable loss triggering event 
The dynamic amplification factor was calculated for all the cable loss scenarios 
(backstay loss and longest cable loss) for the various cable loss triggering events.   Table 
5-10  below shows the dynamic amplification factors obtained for the various locations 
on the bridge for the cable loss triggering events for backstay CB1 and the longest cable 
CB9 respectively. 
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5.4.6.1 Discussion of Results 
The DAF for the model is calculated to verify if the value provided by the codes will be 
adequate for application on cable-stayed footbridges.   The DAF of the other cables, pylon 
and deck is obtained for the loss of the longest cable CB8 due to blast and fire with 
accidental load, blast with full horizontal load and when two cables are lost due to the 
blast accidental load combination applied as shown in Table 5-10.  
The table shows that a fire event gives a DAF lower than that of a blast event for all effects 
on the cables, pylon and deck.   This justifies the fire event been classified as a gradual 
event unlike the blast event which occurs over a very short time with high pressure 
impacts. 
The cables next to the cable lost have the highest DAF of 18.12 and 18.47 in stress terms 
when the backstay and the longest cables were lost due to blast while the shortest cable 
CB4 has the smallest DAF value in the range of 5-8.5 for when one cable was lost due to 
blast, fire and blast with one lane closed but attains highs of 10-11 when two (2) cables 
were lost. The distance of the cable considered to the point of cable loss is highly 
significant on the amplification factor to be adopted.  The cables with the highest 
inclination and shortest length are stiffer and even for the loss of two cables still have the 
lowest DAF values.    
In cases where the full horizontal load was applied in combination with the UDL load on 
the footbridge before cable CB8 was lost due to blast, the DAF values obtained for the 
stress in the cables are very close to the values obtained when two cables (CB7 & CB8) 
are lost with accidental load applied to the deck.   However, the DAF values obtained for 
two (2) cables lost is the highest for all elements and effects.  Therefore, it is most 
important for a footbridge design that the structure should be checked for the loss of two 
(2) cables. 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 280  
 
The displacement of the pylon gives a DAF very close to the value 2 which is the PTI 
guideline recommended value.   However, the bending moment in the pylon gives a higher 
DAF value in the range of 4-6 which is in correlation with the results obtained by Mozos 
& Aparicio, 2010a; Maren Wolff & Starossek, 2009 who obtained higher DAF values for 
the moment in the pylon after the loss of a cable.    The DAF obtained for the moment (10-
12) and displacement (20-22) of the deck are higher than that of the pylon while for the 
shear force in the deck there is an average value of 3.0 which is close to the value 
recommended by the PTI and Eurocode 3 of 1.5 – 2.0.   
The loss of two (2) cables shows a high value of DAF of 20.72 for stresses obtained for 
cable CB9 (the other longest cable in the main span) therefore measures to protect this 
cable should be put in place to help reduce this amplification factor and hence the cost 
and size of the cable. 
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Table 5-10:   Dynamic Amplification Factors for Model C’s cable loss scenarios 
B
ac
ks
ta
y 
lo
st
 
Cable 
loss 
triggering 
event 
loss scenario 
Stress in remaining cab 
Pylon Deck 
Next cable 
closest to 
pylon 
longest 
cable on 
same plane 
Other 
backstay 
longest 
cable on 
other 
plane 
CB2 CB4 CB8 CB16 CB9 M U M U SF 
Blast 
I cable lost      18.12        6.58  
          
14.25  
     
15.22     14.12  
       
5.23  
     
2.95  
          
8.45  
       
7.12  3.56 
load variation 
/horizontal      19.45        8.65  
          
15.27  18.94    14.89  
       
5.11  
     
2.85  
          
8.45  
       
8.01  3.76 
2 cables lost      20.07      10.23  
          
16.98  
     
20.15     16.42  
       
5.65  
     
3.11  
          
8.65  
       
8.36  3.74 
Fire 
I cable lost      12.6858        5.96  
            
8.49  
     
12.58       7.56  
       
4.55  
     
2.59  
          
7.42  
       
6.09  2.11 
                
Lo
n
ge
st
 c
ab
le
 lo
st
 
Cable 
loss 
triggering 
event 
loss scenario 
Stress in remaining cab Pylon Deck 
first backstay 
closest to 
pylon 
longest 
cable on 
other 
plane 
next 
cable 
other 
backstay 
  
CB1 CB4 CB8 CB10 CB16 M U M U SF 
Blast 
I cable lost      18.47        6.05  
          
16.67  
     
13.80     18.47  
       
5.83  
     
2.07  
       
12.58  
     
13.47  3.04 
load variation 
/horizontal      19.71        8.27  
          
17.61  
     
17.70     19.71  
       
5.86  
     
2.74  
       
12.58  
     
14.62  3.42 
2 cables lost      14.09        9.67  
          
18.52  
     
17.76     20.72  
       
5.95  
     
2.13  
       
12.58  
     
14.83  3.42 
Fire 
I cable lost      10.11        5.14  
          
10.00  
     
10.56    16.20  
       
4.05  
     
0.04  
       
10.18  
     
12.50  2.37 
Legend: 
 M-Bending moment,  
U- Displacement,  
SF- Shear Force 
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5.5 Comparison of results 
After discussing the results obtained individually, the results have then been compared 
in this section against each other in two categories namely: 
- Comparing the traffic vehicular models -Model A and Model B  
- Comparing all three bridge models together.   
 Comparison of vehicular Models – Model A & Model B 
Model A and model B are both traffic bridges but Model B has an extra lane for pedestrian 
traffic.   The two models are of different layouts; Model A has a 3-plane semi-fan cable 
arrangement connected to an A-pylon while Model B has a single plane harp cable 
arrangement connected to a H-pylon.  These varying layouts and cable arrangements and 
configurations will have an effect on the structural response of the members of the 
bridges. 
The forces in the cables for Model B just increases in tension as the backstay and longest 
cable are lost because the model only has one plane of cables unlike Model A that has 
three planes of cables thus inducing stress fluctuations in cables as the cables are lost.  
The response of a bridge with only one plane of cables is different because the cables will 
increase in tension until breakage.  The results in Figure 5-4 show that the force 
redistribution reduces with distance from the cable lost when a backstay supported is 
lost. 
The cables around the backstay as well as the longest cables have the highest forces 
redistributed to them when the backstay was lost for Model A and Model B, therefore 
careful attention and higher factors of safety should be applied to the longest cables on 
the span of cable-stayed bridges carrying vehicular traffic loads.   
The loss of the longest cable on Model A and Model B redistributes the highest forces to 
the cable closest to the cable lost.  The other cables around the lost cable are also highly 
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stressed on both models. On Model A, the backstays are also affected by the loss of the 
longest cable while on Model B the effect on the backstay is reduced because of the 
presence of extra support under the backstays.  The cable closest to the pylon has the 
least force redistributed to them for both Models. 
Comparing the effect of the support at the backstay of Model B to Model A that has its 
backstay 1.5 metres away from the end of the bridge and not at the end support high 
shear and displacement will occur at the end of Model A when compared with Model B.  
Also, the force redistribution is higher for Model B due to the large spacing between the 
cables and the fact that Model A has more spans and a more rigid layout based on the 
arrangement of cables and the pylon type.   
The DAF obtained for Model A is lower for all the cable positions considered.  The DAF 
obtained for stresses in the cables due to the loss of a cable due to blast, Model A gives 
values agreeing with code recommended values (1.25-2.5) while those for Model B are 
relatively higher (ranging from 5 - 9.5).  Model B’s layout is quite unconventional as these 
large spacings are mostly avoided on modern cable-stayed traffic bridges. 
Model A is a bigger bridge, with smaller cable spacing and thus when two cables are lost 
on Model B it has higher deflection at the point of cable loss than the displacement 
occurring in Model A. 
The cross beams of Model A are stiffer and because of their frequency attract less moment 
when compared to the cross beams in Model B, which agrees with the cable spacing and 
the load carried by Model B.  The displacements are reasonable but increase in both 
models with cable loss.   The dynamic amplification factor for the cross beams is in the 
same range for both Models. 
The deck shows a similar response to the loss of a cable due to blast for both Model A and 
Model B with DAF values in the range of 3-5 (higher than 2) when considering the 
moment along the longitudinal centre of the deck.  A similar DAF was obtained for both 
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models when considering the displacement along the longitudinal centre of deck (DAF’s 
all less than 1).  
The pylon of Model B which was an H-pylon makes the moment and displacement in the 
pylon increase when the longest cable and backstay are lost.  Therefore, when designing 
a bridge for the loss of a cable it is important to consider the type of pylon to be adopted.  
The DAF for Model A (4.28) is similar to Model B (4.83) when considering the bending 
moment in the pylon.  They are both higher than the limit set by the codes and guidelines 
of 2.  Pylons tend to have higher bending moment due their height and slenderness. 
The loss of two cables is more critical for Model B than for Model A which is also linked 
to the configuration of Model B causing higher force redistribution and DAF values up to 
4 for Model A and even higher values up to 10 for Model B. 
The load variation effect is definitely higher for Model B than for Model A as Model B also 
carries a footpath on either side of the bridge.  The increase is up to 10% higher for Model 
B. 
A cable removal time of 1% of the fundamental period of the Models are both the most 
critical across all cable loss scenarios and location for both vehicular traffic models.  
Finally, the effect of fire on both bridge models when looking at the stress in the 
remaining cables all increase gradually over time. 
The Model A has higher capacity to withstand the loss of cable(s) when compared to 
Model B because of the close cable spacing, the rigidity of the pylon and the bridge deck 
type.   
Finally, the type of cable to deck connection makes an important difference in the 
structural response of the bridge to the loss of cable(s). It is advisable to avoid connecting 
backstays along the deck span but to the end of the bridge to avoid high shear reaction 
along the deck as seen in Model B.  Also, connecting with pin type connections to the deck 
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is better than and avoiding Model B’s type of cable-deck connection which is a box 
connected to the underside of the deck and longitudinal girder hereby introducing 
bending along the cross beam and deck. 
 
 Comparison of the structural response to cable loss for Model A, B & 
C’s  
Figure 5-112 and Figure 5-113 shows the summary table of the stresses achieved in the 
cables for all model’s due to the loss of the backstay and longest cable respectively.  
The stresses in Model A is the highest initial stress but not the highest maximum stress 
when the backstay and longest cable was lost this is because there are lots of cables to 
have the force in the lost cable redistributed to them.    Model B has the highest stress 
increase for both the loss of the backstay as well as the longest cable and this is due to the 
singular cable plane and large spacing on this model.    The highest stresses are achieved 
when the longest cable is lost for all models.  As mention in the discussion for the models 
individually it is common to all three models that the force redistribution to the cable 
closest to the pylon is the least.   The loss of the backstay and longest cable is critical on 
the next cable to them for Models A, B and C.   
The effect of load variation on Model C is close to the loss of 2 cables on Model C because 
the load variation applied to this type of bridge is the addition of horizontal load during 
blast which is similar to having people walking, running or cycling on the bridge just 
before the blast.  However, the load variation on Model A and Model B is having one lane 
closed to traffic which has less effect than having full live loading present on the bridge 
(traffic jam or peak period traffic) 
Figure 5-114 and Figure 5-115 show the summary of the DAF values for Models A, B & C.  
The results show that the DAF is highest for the foot bridge Model C followed by Model B 
under a combination of vehicular traffic and pedestrian’s traffic and then Model A which 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 286  
 
has the DAF for the stresses in the cable to be close to that of the recommended value of 
2. 
The DAF for the displacement of the pylon, the shear and displacement of the deck is 
minimum for the Models A, B and C but it higher for Model C.    When two cables are lost 
due to blast, Model A has the highest DAF value of 6.52 for the bending moment in the 
pylon while for Model B the highest (14.09) is when the next cable to the longest cable is 
lost and for Model C is the stress in the other backstay-CB16 due to the loss of the first 
backstay CB1 with DAF of 20.72.   Whereas, when the backstay is lost on bridge Model A 
it still has the bending moment in the deck at a maximum, Model B still the closest cable 
stress highest and for Model C it is the back stay with the highest stress value.  For Model 
B the nearest cable to the lost cable is where the stress were a maximum when two cables 
were lost primarily due to the large spacing between the cables. While for Model C this is 
not the case because the bridge is designed to have the backstays to support the case of 
out of balance forces. 
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Figure 5-112:  Summary table of Stress in cables due to loss of cable(s) on Model A, B & C for the loss of the backstay. 
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Type of 
analysis 
Cable loss 
scenario 
Stress 
Check 
Next cable Other backstay Closest to pylon Adjacent cable Longest cable 
Model 
A - 
CP2S 
Model B  
- C2S 
Model C - 
CB2 
Model 
A-CP61 
Mod
el B 
Model C-
CB16 
Model 
A- 
CP10 
Model B - 
C4 
Model c - 
CB4 
Model A-
CP1N 
Model 
B-C1N 
Model 
C 
Model A 
- CB21 Model B 
Model 
C-CB9 
B
ac
ks
ta
y 
lo
st
  -
 m
ax
im
u
m
 S
tr
es
s 
N
/m
m
2 
initial stress (N/mm2) 249.39 316.00 374.47 184.98   419.19 30.86 201.60 230.43 234.11 428.70   477.33 556.40 419.19 
Quasi-
static 
Analysis 
– DAF 
one cable 
lost 
m
axim
u
m
 stress - N
/m
m
2 
 
369.00 489.80 801.37 250.65   654.00 43.64 314.50 435.51 348.07 578.75   538.57 790.09 974.20 
Blast 
dynamic 
analysis 
one cable 
lost 
427.05 3050.64 1854.77 482.06   1451.75 69.60 1894.29 908.66 449.47 1800.88   756.16 3352.27 926.44 
2 cables 
lost 
623.00 4225.00 2411.20 603.00   2177.63 81.00 2019.00 1181.25 643.00 2604.00   960.00 4357.00 
1204.3
7 
load 
variation 
359.27 3256.51 1910.41 337.12   1495.30 50.97 1252.64 935.92 338.99 2240.46   597.07 1164.13 954.23 
Fire 
dynamic 
analysis 
one cable 
lost 
410.00 803.98 555.71 450.00   527.93 61.00 996.95 389.00 405.00 923.99   725.00 1201.62 611.28 
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Figure 5-113: Summary table of Stress in cables due to loss of cable(s) on Model A, B a& C for the loss of the longest ca
Cable 
loss 
locati
on 
type of 
analysis 
Cable 
loss 
scenari
o 
Stress 
Check 
Next cable Adjacent cable First backstay Other backstay Closest to pylon 
Model A 
- CP22S 
Model B-
C7 
Model 
C- CB10 
Model A - 
CP21N 
Model 
B-C8N 
Model 
C 
Model A 
-CP1S 
Model B 
-C1 
Model C 
-CB1 
Model A -
CP61 
Model 
B -  
Model C 
-CB16 
Model 
A - 
CB10 
Model B 
C4 
Model C 
- CB4 
longes
t 
cable 
lost - 
Maxi
mum 
Stress 
N/mm
2 
 initial stress 
(N/mm2) 659.05 608.00 374.47 389.95 556.40   238.03 428.70 419.19 385.00   419.19 176.72 655.42 230.43 
Quasi-
static 
Analysis - 
DAF 
one 
cable 
lost 
m
axim
u
m
 stress - N
/m
m
2
 
 
788.01 924.16 1310.65 499.32 834.60   298.00 600.18 897.07 435.00   733.58 234.22 884.82 435.51 
Blast 
dynamic 
analysis 
one 
cable 
lost 1208.00 1896.96 1856.95 741.00 2580.48   660.00 2404.00 1436.37 814.00   1252.03 325.00 2359.00 864.43 
2 
cables 
lost 
1450.00 2514.72 2404.69 883.11 3897.00   750.00 3223.00 1752.37 942.00   1878.04 494.05 3168.00 1210.20 
load 
variatio
n -
1350.00 1680.00 1949.80 802.00 1598.00   694.00 1385.00 1508.19 886.00   1314.63 405.00 1320.00 907.65 
Fire 
dynamic 
analysis 
one 
cable 
lost 
874.00 1064.00 517.36 608.00 973.70   368.00 750.23 709.69 425.00   419.19 254.00 1146.99 638.72 
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Figure 5-114:  DAF for Model A, B & C when longest cable is lost 
 
 
 
 
 
 
 
 
 
Figure 5-115:  DAF for Model A, B & C when backstay cable is lost 
   
Blast Fire 
1 cable lost 
Load variation (One lane 
closed /Horizontal) 
2 cables lost***  
A B C A B C A B C A B C 
longest 
cable 
lost 
Cable 
stresses 
next cable 3.01 11.58 18.47 0.98 9.85 19.71 3.85 14.09 14.09 2.45 9.54 10.11 
adjacent cable 2.97 10.28  1.54 9.41  3.47 12.55  2.64 8.57  
closest to pylon 0.85 5.43 6.05 0.57 4.58 8.27 1.34 6.98 9.67 0 5.02 5.14 
other backstay 1.45  18.47 0.98  19.71 2.65  20.72 1.32  16.20 
first backstay 1.01 10.88 13.80 0.98 9.54 17.70 1.54 12.34 17.76 0.98 8.26 10.56 
Pylon 
Moment 4.66 4.66 5.83 3.95 3.95 5.86 6.32 6.32 5.95 4.11 4.11 4.05 
Displacement 1.26 1.26 2.07 0.95 0.95 2.74 1.22 1.38 2.13 1.05 1.05 0.04 
Deck 
Moment 4.86 4.86 12.58 4.12 4.12 12.58 6.57 6.57 12.58 4.22 4.22 10.18 
Displacement 1.66 1.66 13.47 1.32 1.32 14.62 2.01 2.01 14.83 1.45 1.45 12.50 
Shear 1.19 1.19 3.04 0.98 0.98 3.42 2.31 2.31 3.42 1.06 1.06 2.37 
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Blast Fire 
1 cable lost 
Load variation (One 
lane closed /Horizontal) 
2 cables lost***  
A B C A B C A B C A B C 
backstay 
lost 
Cable 
stresses 
next cable 2.05 9.54 15.22 1.65 8.65 18.94 3.18 13.23 20.15 1.96 8.16 12.68 
adjacent cable 1.89 8.64  0.30 7.62  2.26 12.57  1.71 7.67  
closest to pylon 1.33 5.12 6.58 18.09 4.16 8.65 19.43 6.79 10.23 15.44 4.88 5.96 
other backstay 1.93  18.12 1.22  19.45 2.32  20.07 1.84  12.58 
longest cable 2.55 9.24 14.25 1.96 13.22 15.27 3.11 13.22 16.98 2.35 8.09 8.49 
Pylon 
Moment 4.28 4.83 5.23 3.59 3.59 5.11 5.87 5.87 5.65 4.12 4.11 4.55 
Displacement 0.80 1.00 2.95 0.74 0.74 2.85 0.77 0.77 3.11 0.68 1.05 2.59 
Deck 
Moment 4.99 8.25 8.45 4.59 6.57 8.45 6.35 9.22 8.65 4.52 4.22 7.42 
Displacement 1.57 1.57 7.12 1.31 1.31 8.01 2.01 2.01 8.36 1.45 1.45 6.09 
Shear 0.95 0.95 3.56 0.85 0.85 3.76 1.93 1.93 3.74 1.28 1.06 2.11 
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5.6 Conclusion 
This chapter has presented the results for the three (3) models namely Model A, B and C 
considered in this research to be able to see the structural response of a cable-stayed 
bridge to cable -triggering events over time.  Also, to establish the relationship between 
the cable loss time and the period of the bridge as well as determine the DAF for various 
cable loss triggering events for various cable loss scenarios. 
The first model – “Model A” carrying only vehicular traffic with three fan cable 
arrangements laid out over a span of 564 m supported by an A-pylon, with its two 
backstays close together 1.5 m from the end of the bridge.  The” Model B” carries both 
vehicular and pedestrian traffic over its span of 676 m with a single fan cable layout 
supported by an H-pylon, it has its backstays supported by piers and main span has large 
cable spacing.  Finally, the third model – “Model C” carries only pedestrian, cyclist traffic 
with two fan cable layout supported by an I-pylon over its span of 170 m.  
The results have shown across all three models the effect of the cable lost due to blast on 
the remaining cables, the deck connection point, the cross beam, longitudinal beam, deck 
and pylon.  The loss of the backstay and the longest cables are the cable loss scenarios 
considered for all models.  The stresses in the cables, the displacement at the deck 
connection point, the moment, shear and displacement in the crossbeam, longitudinal 
girder, deck and pylon are the effects presented for before, during and after the cable 
loss due to blast.  Likewise, the stresses in the remaining cables, moment and 
displacement in the deck as well as the moment & displacement in pylon when two cables 
are lost due to blast are compared for before, during and after blast. 
The stresses in the remaining cables was also presented when the cable is loaded due to 
blast with varying load on the deck.  Furthermore, the quasi-static method (code-
recommended) was compared to the dynamic analysis method adopted in this research 
by examining the stress in the cables closest to the cables lost. 
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Furthermore, the effect of cable lost due to blast is presented on the remaining cables by 
the stresses in the cables before during and after blast.  Followed by a comparison of the 
stresses in the cable closest to the cable lost over varying times to help establish a 
relationship. 
To determine the likelihood of progressive collapse the stresses in the remaining cables 
other the varying cable loss scenarios considered was compared to the ultimate tensile 
stress of the cable.  Finally, the Dynamic Amplification Factor was calculated for the 
remaining cables, deck, pylon, cross beam, and longitudinal beam, 
This is to fulfil the research objectives stated in section 1.2,  this chapter also discusses 
the results presented in this chapter and makes a comparison between the results 
obtained for the three (3) Models considered in this work. 
The results discussed so far have considered the research focus which looks into the 
effect of cable triggering events such as blast on cable stayed vehicular and footbridges 
when one cable is lost, 2 cables are lost, the load is varied and cables lost to fire and the 
effect of cable loss time in relation to the period of the bridge.  The cables lost are the 
longest cables and the backstay.   
The stress in the cables under the cable loss scenarios considered is observed to identify 
the possibility of progressive collapse.  
The DAF for footbridges are different from those for traffic bridges.  Therefore, we can 
conclude that the DAF used for designing the members of cable-stayed bridges is 
dependent on the type of bridge, location of the member, and the effect considered 
(stress, deflection, moment, shear etc.) 
The layout of the cable stayed bridge and the cable arrangement is also very important in 
affecting the response of the cable-stayed bridge to the loss of cable(s) due to blast or fire.  
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Progressive collapse is highly likely when two or more cables are lost from most cable 
stayed bridges.  
The following chapter – Chapter 7, draws out the conclusion based on the results 
discussed in this chapter. Furthermore, recommendations are made and future work 
discussed.   
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Chapter 6  
Conculsion, Recommendations and Future Work 
6.1 Introduction  
As mentioned at the beginning of this thesis, the objectives of this research as stated 
below is to be achieved.  This research has however tried to fulfil the objectives laid out 
comparing them with the results obtained.  It can be concluded that a majority of the 
objectives have been achieved as presented in Table 6.1 below.  
The objective this research is: 
• To determine the resilience of a cable-stayed bridge after damage or loss of 
cable(s). 
• To further understand the structural behaviour and dynamic response of cable-
stayed bridges to loss of a cable(s) in relation to the cable layout. 
• To evaluate the effectiveness of modelling techniques available for the analysis of 
cables loss. 
• To determine the effect of losing cable(s)due to blast load for traffic and 
pedestrian cable-stayed bridge of varying cable arrangement/configuration. 
• To determine the effect of losing cable(s)due to fire load for traffic and pedestrian 
cable-stayed bridge of varying cable arrangement/configuration. 
• To establish dynamic amplification factor for effects due the loss of cable(s) due 
to fire and blast. 
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• To establish the likely rupture time of the cable members used in a typical cable-
stayed bridge in relation to the natural period of the bridge. 
 
Table 6-1: Status of Achievement for research objectives 
S/N Objective Status of achievement Comments 
1 To determine the resilience of a 
cable-stayed bridge after 
damage or loss of cable(s). 
 
Progressive collapse 
checks were carried out 
for all three models to 
determine the stability of 
cable-stayed bridges. 
Achieved 
2 To further understand the 
structural behaviour and 
dynamic response of cable-
stayed bridges to loss of a 
cable(s) in relation to the cable 
layout. 
Three different cable 
layouts and configurations 
were considered.  One, 
two and three planes of 
cables. Semi-fan and harp 
cable arrangement. 
Achieved 
3 To evaluate the effectiveness of 
the modelling techniques 
available for the analysis of 
cables loss. 
The use of the simplified 
modelling method as 
compared in Section 
4.3.1.1 to the detailed 
blast analysis was 
considered in chapter 
four. 
Achieved 
4 To determine the effect of losing 
cable(s)due to blast load for 
traffic and pedestrian cable-
stayed bridge of varying cable 
arrangement/configuration. 
 The axial force backstay 
and longest cables where 
modified for loss for by a 
simplified blast amplitude 
for Models A , B & C . 
Achieved 
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 296  
 
 
5 To determine the effect of losing 
cable(s)due to fire load for 
traffic and pedestrian cable-
stayed bridge of varying cable 
arrangement/configuration. 
 
The backstay and the 
longest cable on the 
Models A,B & C where 
subject to thermal loads 
applied to the cable to 
represent fire and the 
response of the remaining 
elemensts was accessed. 
Achieved 
6 
To establish dynamic 
amplification factor for effects 
due the loss of cable(s) due to 
fire and blast. 
 
. The DAF for Model C 
which is a cable-stayed 
footbridge was 
determined and compared 
to that of traffic bridges.  
Further work is 
recommended on cable-
stayed footbridges varying 
the cable arrangement and 
pylon type to obtain 
Achieved, 
Further 
work 
required. 
7 
To establish the likely rupture 
time of the cable members used 
in a typical cable-stayed bridge 
in relation to the natural period 
of the bridge. 
 
This relationship was 
obtained by varying the 
cable loss times which are 
a percentage of the period 
of the models.  Future 
work will be required to 
obtain the effect on other 
members such as the 
pylon, deck, cross beam 
and longitudinal girders 
Partly 
achieved. 
Further 
work 
required 
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The conclusion of this research will be discussed based on the results presented in 
chapter 5 and discussed in chapter 6.  Recommendations are made and suggestions for 
future work in relation to this research are all presented in this concluding chapter. 
6.2 Conclusions 
This research work has considered cable stayed traffic and foot bridges for the loss of 
cables to events like fire and blast using simplified profiles adaptable in practise to 
determine the structural response of the cable-stayed bridge to the loss of one or more 
cables over time.    This method however, is more time consuming than the code 
recommended DAF method but gives a more accurate representation of the cable-stayed 
bridge to the loss of a cable due to blast or fire under full and varying loading.  
 Main Conclusions 
- The results show that carrying out dynamic blast analysis on cable-stayed bridges 
is time consuming with little guidance available.  Therefore, the use of a simplified 
blast profile is a more practical obtain.  The loss of cable(s) due to blast modelling 
the simplified blast profile gives dynamic amplification factor higher than 2 for the 
stress in the cables, the moment in the pylon and the deck which is more critical 
when the backstay is lost. 
- The loss of a cable due to fire which is known take more time than blast (fire last 
from 1-3 hours) can lead to the sudden breakage of the cable hereby a dynamic 
effect.  With the rise of fire disasters, there is a need to ensure that the stays on 
cable-stayed vehicular and especially footbridges are designed can accommodate 
the temperature and heat transfer of the fire. 
- Cable-stayed footbridges has shown a more dynamic response to the loss of 
cable(s) due to blast and fire due to their weight and loading difference to 
vehicular bridge especially if there a lot of excitation of the deck at the time of 
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cable loss.  This therefore should guide the designer to pay more attention to 
cable–stayed footbridges when considering the effect of the loss of cables. 
- The proximity effect -The effect of forces picked up by the cables in the zone of 
cable loss and the stabilising effect - the stress increases due to the cables trying 
to balance out effect caused by the loss a cable are important considerations to be 
allowed for when designing or checking a bridge for the loss of cable(s).  
 Other conclusions 
Further conclusion that has come out of this research work are: 
- The backstay has been identified to be a crucial member when considering cable 
loss which can lead to the strong possibility of progressive collapse with the 
stresses in the remaining cables very close to their ultimate tensile strength.  
- There is a high likelihood for two cables to be lost on a cable stayed bridge or for 
failure of the first cable lost leading to the loss of other cables which can result in 
an unzipping of the cables wherein the cable fails and the deck loses its stiffness 
with the failure progressing along the structure.  The design for bridges that are 
more prone to terrorist attacks should be able to cater for the loss of at least two 
(2) cables.   
- This loss of the cables in this research was after the bridges were fully loaded. This 
will have a major effect on the response of the bridge members when compared 
with other previous research that considered the cable loss to be instant occurring 
at the same step as loading the bridge.  
It is likely to be safe to carry out cable repairs on cable-stayed bridges with one 
lane closed but the structure had to be checked for torsional stability of the deck.  
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However other factors that can affect this decision will be the spacing of the cables, 
the type of deck and the type of pylon. 
- The loss of a cable due to blast during one lane closed can cause torsion in the 
cross beams and increase in stress in the main span cables. 
- In a single plane cable arrangement, the middle cables tend to have high stress 
when a backstay or longest cable was lost. 
- The vertical deflection at the cable-deck connection location increases 
continuously over time when the longest cable is lost to blast which can make the 
bridge dangerous for users.  Even though the loss of one cable might not lead to 
progressive collapse the bridge will need to be repaired before use.  The bridge 
designers should consider increasing substantially the DAF to minimise the 
likelihood of this occurring. 
- The DAF obtained for the cables on the cable-stayed footbridge is highest (10-13) 
followed by the vehicular and pedestrian bridge (5-9) then the vehicular only 
cable-stayed bridge (2-3).  The deck also has a high DAF value while the highest 
DAF obtained was for the pylon.  This should serve as a guide when designing or 
maintaining these structures. 
- The dynamic amplification factor of 2 recommended by the Eurocode 
underestimates the response of a cable-stayed footbridge that exhibits a DAF 
greater than 2 except for the displacement of the pylon.  The long cables show a 
higher DAF for effects such as moment, displacement and stresses in the deck and 
pylon as well as stresses in the cables when the cable loss was due to blast rather 
than when fire leads to the loss of a cable.  
- The loss of the backstay leads to high bending effects in other spans hereby 
making the bridge susceptible to progressive collapse. 
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- For a cable-stayed bridge with only one pylon with a single plane cable layout the 
loss of a cable due to blast cause the forces to be redistributed to the closest cables 
first.  The farther the cables are from the cable lost the lower the forces 
redistributed to them.  
- The cables in the middle of the plane should be carefully designed as they tend to 
have high forces redistributed to them on all three models considered for both 
cable loss scenarios.  
- The cables on the outer planes have the highest tendency to fail as well causing 
the most havoc when broken.  
- The cause of the loss of a cable results in a difference in the response of the bridge 
to cable loss therefore the design method had to consider carefully the current 
practise of using a DAF of 2 as for the bridges considered in this thesis it does not 
mirror the effect when a cable was lost due to blast.  However, using a DAF of 2 is 
reasonable for the loss of a cable due to fire. 
- The presence of full horizontal load during a blast gives a response close to the 
scenario of two cables lost to blast when the horizontal load factored (accidental 
load) is omitted.  A sudden event of a blast while the bridge is subject to excitement 
is the most likely scenario for cable-stayed footbridges during peak periods which 
is not the accidental load combination recommended by the codes.  It is however 
advised that cable stayed footbridges be analysed with the full live loading when 
analysing for the loss of a cable(s). 
- The loss of a cable due to blast will be worse when the cables are already subject 
to corrosion.  The effect of corrosion has not been considered in this research but 
a paper has been produced by the author which justifies this comment (refer to 
Appendix B) 
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6.3 Recommendations 
The following recommendations are made from considering carefully the results 
obtained in this research. 
- Detailed finite element analysis can be tedious and time intensive as well as the 
filtering of relevant results from the volume of results normally generated which 
is the main reason many of the research methods developed are not adopted in 
design offices.  Therefore, the use of a simplified blast profile, as used in this 
research, can be adopted in practise to save time and cost of detailed air-blast 
analysis for the loss of cables.     
- The cables that are most vulnerable to progressive collapse have been identified 
which can serve as a guide when carrying out a dynamic analysis based on the loss 
of one or more cables to blast or fire with varying superimposed load 
arrangements. 
- Cables adjacent to vulnerable cables such as the backstay or the longest cable in 
the span should be protected to guide against loss as they can lead to spikes in 
stresses in the other cables on the bridge. 
- Connecting the backstay at a distance away from the end of the bridge or anchor 
point is not to be encouraged because it can lead to a shear failure at this point and 
consequently further progressive collapse.   
- It is recommended that pylons for cable stayed bridges can be made of a mixture 
of concrete and steel to help their stability during accidental events such as cable 
loss due to blast and fire as the concrete gives the pylon significant mass.  
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- Protection and attention should be paid to the longest cable along the main span 
as it induces the highest force redistribution when lost on cable-stayed 
footbridges. 
- Progressive collapse can be designed against with the knowledge of the stress 
limitations of the cable stress redistribution in traffic and foot cable-stayed 
bridges due to cable loss of one or more cables. 
- It is recommended that the when designing the members of a cable-stayed bridge 
a range of Dynamic Amplification Factors are used with recognition of the 
response of the member to cable loss be taken into consideration. 
- Cable-stayed bridges with large cable spacing are to be carefully considered for 
the loss of more than one cable because the loss of just one cable has shown the 
initiation of progressive collapse.   
- It is advisable to provide extra support to backstays to increase the stability of the 
bridge to cable loss as Model B provides pier supports and model C is connected 
to the end of the bridge.    Also, to avoid shear failure, cable-stayed bridges have 
their anchorage cables anchored at the support section over the abutment. 
- The loss of a cable on a traffic bridge is most catastrophic when the loss was over 
a period of 1% of the fundamental period of the bridge while for the footbridge 
the same is not the case as the loading on both types of bridge differ and the 
response to horizontal loads is different.  This should serve as a guide when 
designing and carrying out maintenance of these bridges to check that when de-
tensioning the cable the traffic cable-stayed bridges 1% of the period should be 
avoided while the removal on footbridges should not be in the range of the period 
of the bridge. 
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- The design of cable-stayed footbridges is not to be solely designed using the DAF 
method for cable –loss analysis.  It is advised to carrying out a full detailed 
dynamic analysis. 
- The cable removal time for a cable –stayed bridge has been found to be similar 
across the three types of bridge Models considered in this research therefore the 
removal of a cable during maintenance that falls in the range of 1-10% of the 
fundamental period of the bridge should be avoided.  A gradual removal is strongly 
recommended. 
6.4 Future Work 
- It has been established that the DAF for cable-stayed footbridges are different for 
the of vehicular cable-stayed bridges therefore future work can be carried out on 
determining the effect of the layout and configuration of the cable-stayed 
footbridge on the loss of one or more cables due to blast. 
- This research focused more on the loss of the cable to blast than to fire.   Future 
work should be carried out on the structural response of cable-stayed bridges to 
fire, varying the fire time and the location of the fire on the bridge.   Fire can occur 
on the deck, under the deck, around the cables or even close to the pylon. 
- Further studies are to be carried out on assessing the effect of blast on the cables 
with more than one cable subject to corrosion on a cable-stayed bridge.  
Further investigations should be undertaken to determine realistic values for DAF by 
considering carefully the type of bridge structure and the particular dynamic 
excitation that the bridge may be exposed to. 
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APPENDIX A – Design check for Model A 
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1. Introduction 
Footbridges are very popular, major land marks used by pedestrians, and cyclist.   
Cable-stayed footbridges designs emerging nowadays have distinctive styles and 
complex forms making it more difficult to analyse their slender form exhibits high 
resonance and gets excited by the movement of pedestrians walking jogging or 
running across the bridges.  
Cable-stayed bridges are self-stabilizing structures and the cable, pylon and deck are 
the major components of a cable-stayed that play an important role in keeping the 
structure stabilised.  The cables are the load carrying and transferring element and 
the loss of at least one of them makes the cable-stayed bridge very vulnerable.  When 
a cable is lost, the stress in the cable is redistributed to the cables around causing 
them to be overstressed too and then break leading to progressive collapse 
(Starossek, 2006a, 2007). 
Structural performance of cable-stayed footbridges to the loss of 
cable(s) 
O.A. Olamigoke, G. Parke & B.M. Imam 
University of Surrey, Guildford, UK. 
ABSTRACT: Cable-stayed footbridges have become a popular option for footbridges nowadays.  
The cables are exposed and sometimes accessible therefore the likelihood of an accidental or 
intentional event leading to the loss of a stay is very high.   The loss of a cable on a cable-stayed 
bridges is usually evaluated using a dynamic amplification factor of 1.5 – 2.0 or by detailed 
dynamic analysis.  However, the loading of a footbridge and modal response of a footbridge is 
different from that of a traffic bridge.  This paper presents the results of a three dimensional 
nonlinear dynamic analysis of a cable-stayed footbridge to the loss of cable(s) to fire and blast, 
with varying loads and numbers of cable lost.  The research shows the DAF to be in a range of 
10- 24 for the remaining cables when the longest cable in the main span is lost which causes stress 
redistribution to all the cables. 
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Foot bridges allow for easier accessibility to the cables when compared to traffic 
bridges making them prone to vandalisation and intentional attack.  A typical 
example is a 35-year-old cable-stayed footbridge in Switzerland that failed.  Also, 
the Sabo Cable-stayed footbridge in Minneapolis experienced the failure of a cable 
due to wind induced vibrations caused by pedestrians and cyclists.  The London 
Millennium footbridge also experienced serious vibrations shortly after opening 
caused by the matching of the motion of excitation caused by the walking of the 
pedestrians with the natural frequency of the bridge even though it did not lead to 
the failure of the bridge the bridge had to be closed. 
A number of research had been carried out on the response of cable-stayed 
footbridges to vibration and excitation caused by movement however this research 
aims to understand the response of the cable-stayed footbridges to the loss of the 
cables. Research has been carried out on a number of different types of bridges for 
the loss of a cable such as traffic cable-stayed bridges,   arch bridges, suspension 
bridges, cable suspended roof and under-deck cable supported bridge all with traffic 
loads applied on but not cable-stayed bridges footbridges (Ruiz-Teran and Aparicio, 
2009; Mozos and A.C. Aparicio, 2010; Gerasimidis and Baniotopoulos, 2011; Li et al., 
2014; Qiu, Jiang and Huang, 2014) 
 The accidental loss of a cable from cable-supported structures have been catered 
for on codes and guidelines by the recommendation of the use of a dynamic 
amplification factor (DAF) with values ranging of 1.5 and 2.  The DAF related to 
deflections are lower than those related to bending moment and lower than that for 
shear force (Ruiz-Teran and Aparicio, 2007; Park, Koh and Choo, 2008). 
   According to Eurocode, the loading recommended for traffic bridges differ from 
the footbridges with footbridges having a slender feature hereby exhibiting high 
resonance (Blanchard, Davies and Smith, 1977).  Footbridges also have different 
loading type, pattern and values which will greatly affect its response to the loss of 
a cable.  According to the Eurocode, the footbridges is subject various to resonance  
induce users walking, running, jogging or cycling  (EC1-2, 2003). 
2. Cable-stayed Footbridge Model Description 
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The model considered is a symmetrical semi-fan shaped, single cable plane cable-
stayed footbridge supported by an I-pylon having a total span of 170 m, and deck 
width of 3.5 m as shown in Figure 1.  The clear span of the deck is 90 m with side 
spans of 40 m each and height of the pylons are 25 m in total with 5 m below deck.  
The cables are attached to the deck at a spacing of 10 m and a spacing of 2 m at the 
pylon.   The tower is fixed at the foundation while the cables are hinged to the girder 
while the girder is fixed to the pylon.  The deck and the pylon are made up of steel 
with a young modulus of 210GPa and cables of 190GPa which is the reduced 
modulus that accounts for the cable sag and nonlinearities.  The pylon has a size of 
0.5 m by 0.3 m with a thickness of 20 mm and deck thickness of 20 mm while the 
cable size of 60 mm. 
.     
Figure 1.  General layout, deck cross-section and pylon section of cable-stayed 
footbridge model 
 
The cables are modelled as trusses with no compression allowed and initial 
prestress applied to the trussed to account to the pretension forces in the cables.   
The deck is made up of steel material with  
A detailed three-dimensional analysis is carried out  
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Table 1:  Material and Element Properties of model 
 Material Young 
Modulus 
(GPa) 
Poissons ratio Element 
Cable  Steel (Cable) 190 0.3 Tension only 
truss 
Deck Steel 210 0.3 Shell 
Pylon Concrete 30 0.25 Beam 
 
According to Eurocode for traffic loading, the loading applied to the footbridges is a 
UDL of 5.0 kN/m2, a service vehicle as an occasional load and horizontal load of a 
calculated value of 300 kN to account for the excitation caused by the bridge users.   
Some research on the cable loss time suggested a cable loss time of 0.05seconds..  
However, this research is using the simplified blast model of unconfined blast load 
on structures recommended by the US Army Department (Department of the Army, 
1986; United Facilites Criteria (UFC), 2008)as shown below and the Eurocode 
simplified fire model (EN 1991-1-2, 2002; NIST, 2010). 
Fire events on bridges are chemical reactions caused by various rapid oxidation 
processes resulting in the evolution of light and heat in varying intensities. A fire is 
normally ignited by burning materials in the presence of oxygen wherein the heat, 
gases and flame are produced at a very high temperature.  The ignition of a fire 
further ignites other materials causing a gradual rise in the temperature over a short 
time and later cools off as shown in Figure 2a.  
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Figure 2a:  Simplified Fire Model      Figure 2b:  
Simplified Blast Model 
       (TM 5-855-1, 
1986) 
 
When a bombs is detonated the blast pressure radiates as a wave from the point of 
detonation but decays exponentially with distance and time.  This overpressure 
further decays and eventually becomes negative causing the surfaces subject to 
suction forces.  Under the positive phase the structure is subject to impulse where 
both the pressure and impulse (or duration time) are required to define the blast 
loading as shown in Figure 2b above. 
3. Results and Discussion  
3.1. Dynamic Amplification Factor Validation 
Dynamic Amplification Factor as the dimensionless ratio of the dynamic to the static 
response of a structure when it is subjected to dynamic loading (Mozos& Aparicio 
2009). 
Dynamic amplification factors have been obtained for the effect of traffic live load 
on road and rail bridges using the span, geometry, velocity of vehicle, roughness of 
deck surface, boundary conditions, and vibration frequency of various types of 
cable-supported bridges.  These dynamic amplification factors are now also used to 
estimate the effect of the accidental loss of a cable on the cable-supported structure 
(Ruiz-Teran and Aparicio, 2007).  The use of the DAF for obtaining the response of 
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the bridge to the loss of a cable is sometimes termed the pseudo-dynamic method 
(Ruiz-Teran and Aparicio, 2009) or the quasi-static method.    
The codes and guidelines recommend a dynamic Amplification factor of 1.5 and 2 
for the sudden loss of a cable (EC3, 2006; PTI D-45.1-12, 2012).  Previous research 
on traffic cable-stayed bridge shows that he dynamic amplification factor is 
dependent on the location  of the lost cable and also on the variable considered 
(Wolff and Starossek, 2010) 
The Eurocode defines the responses of a structure as actions and the effect of the 
action as effects, therefore the DAF will be validated using the formula presented in 
Equation (1) below.   
𝑫𝑨𝑭 =
𝑬𝒅𝒚𝒏− 𝑬𝒊
𝑬𝒔𝒕𝒂𝒕𝒊𝒄−𝐸𝑖
        
           
      (1) 
where Edyn =  Dynamic Effects to extreme events,  Estatic = Static response to removal of a cable,  Ei  =   
 Static Effect in the initial state  
 
The DAF for the model is calculated to verify if the value provided by the codes will 
be adequate for application on cable-stayed footbridges.   The Table 2 below shows 
that Fire event gives a DAF lower than that of a blast event for all effects on the 
cables, pylon and deck. 
The cables next to the cable lost had the highest DAF of 28.47 when the cable is lost 
to blast while the shortest cable C4 with the smallest DAF value of 6.05. When the 
horizontal load is applied in combination to the UDL load on the footbridge when 
the cable loss due to blast occurs the DAF values obtained are very close to the values 
obtained when two cables (CB7 & CB8) are lost in the absence of the horizontal load 
applied to the deck.    
The displacement of the pylon gives a DAF very close the value 2 which is the PTI 
guideline recommended value.   However, the moment of the pylon gives a higher 
DAF of a value in the range of 4-6.    The DAF obtained for the moment and 
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displacement of the deck are higher than that of the pylon while the shear force is 
low. 
   
Table 2.  DAF of Cable-stayed bridge components to event events 
      Blast Fire Horizontal + Blast 2 cables lost 
Cable 
stress 
C1   13.80 10.56 17.70 17.76 
C2   12.37 10.64 19.00 20.67 
C3   18.33 15.44 18.09 19.43 
C4          6.05 5.14 8.27 9.67 
C5   11.38 10.52 14.44 13.67 
C6   9.59 8.41 10.81 14.74 
C7   16.68 10.00 17.61  * 
C8    *  *  *  * 
C9   28.47 19.50 29.71 30.72 
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Pylon Moment max 5.83 4.05 5.86 5.95 
max 0.01 0.00 0.00 0.00 
Displacement max 0.99 0.13 1.03 1.01 
max 2.07 0.04 2.74 2.13 
Deck Moment min 0.60 0.01 1.13 0.68 
max 12.58 10.18 12.58 12.58 
Displacement min 21.57 20.26 22.42 22.95 
max 13.71 12.50 14.62 14.83 
Shear min 3.04 2.37 3.42 3.42 
 0.00 0.00 0.00 0.05 
 *  location of cable lost 
3.2. Effects of the loss of cable(s) 
When a fire event occurs, the stress range is lower that of that caused by blast with 
a maximum stress of 145000 kN/m2 for the loss caused by fire while the loss caused 
by blast has a maximum stress of 310000 kN/m2 as shown in Figure 2 when the 
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longest cable in the main span (CB8) is lost.  The amplitude of the stress in the 
backstay is higher than that of the stress caused by the loss of cable CB8 due to fire.  
.   When the cable is lost with people on it the response of the structure will differ 
with a stress increase of 20000 kN/m2 in cables near to the cable lost. 
     After the first one(1) second the stress range of the cable decreases over time.    
  
Figure 5: Stress in Backstay due to the loss of longest cable CB8 
 
The movement of people on a cable-stayed footbridge induces excitation on the 
deck.  The horizontal load of has a greater effect over the main span causing a 
noticeable increase in the sagging of the deck. 
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Figure 4: Longitudinal displacement of deck due to blast only and horizontal load 
 
3.3. Comparison of footbridge dynamic response to the location of cable loss  
The location of the cable lost will affect the response of the cable-stayed footbridge to the loss of 
a cable.     The other cables attached to the same pylon on which the c When a cable is lost, the 
force in the cable is redistributed to the cable nearest to it as shown in the Figure 5.   The cable is 
lost show more stress variation in comparison to the cables connected to the other pylon. 
   The loss of the longest cable (CB8) redistributes its stress to all the cables even up to the 
backstay.  The cables on the left side of the unaffected pylon experience an increase in stress and 
a decrease on the right side of the pylon.  This is increase is due to the pull of the fan of cable 
which is the cables in lost on causing an uplift in the main span and hereby stressing the cables in 
this plane more. 
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Figure 6:  Stress distribution in cables caused by loss of cable to blast load 
3.4. Conclusion 
The dynamic amplification factor of 2 recommended by Eurocode underestimates the response of 
a cable-stayed footbridge that exhibits a DAF greater than 2 except for displacement of the pylon.  
The long cables show high DAF for blast and fire but the fire event requires a lower DAF than an 
explosion for all moment, displacement and stresses of the deck and pylon as well as stresses in 
the cables.  
The combination of the horizontal load during a blast gives a response similar to two 
cables lost to blast which is the most likely scenario on cable-stayed footbridges 
during peak periods. It is however  
Cable-stayed footbridges with longer spans will experience higher deflections to 
blast when the when there is a lot of excitation on the deck at the time of cable loss.  
This therefore should guide the designer to pay more attention to longer cable –
stayed footbridges when considering the effect of the loss of a cables in combination 
with the horizontal load. 
Protection and attention should be paid to the longest cable along the main span as 
it induces the highest stress distribution on the footbridge 
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Introduction 
Cable-stayed bridges have become a very popular option for long spans bridges now spanning 
above 1,000 m.  They are aesthetically pleasing, self-balancing and a stiff option for long span-
bridges but are also highly redundant structures (Gimsing and Georgakis, 2012).  Cables on cable-
stayed bridges play a key role in the structural stability of its self-balancing mechanism and they 
also transfer the load applied on the deck to the pylon.  
These cables on cable-stayed bridges are exposed to intentional events such as terrorist attacks, 
accidental events such as vehicle collision, fatigue and excessive corrosion of the strands which 
leads to the vulnerability of this structure with the likelihood of propagation of progressive 
collapse (Starossek, 2006b).  Other factors that affect the cables are variation in stress and the 
friction between strands (Roura, 2011). 
Steel as a material is highly susceptible to corrosion with no exception to the cables on cable-
stayed-bridges in the presence of air and water.  The cables strands on many of the old cable-
stayed bridges are having to be removed from the strand bundle and replaced or having the whole 
of the cable due to excessive corrosion which is an expensive and technical procedure.  
Interestingly, even cables on newly constructed cable-stayed bridges are experiencing corrosion 
the Zarate-Largo Bridge in Argentina experienced total failure of a stay due to a combination of 
fatigue and corrosion (Mozos& Aparicio, 2011).   
Corrosion is defined as the destructive attack of a metallic material through a chemical reaction 
with its environment.  Corrosion of cables are highly concentrated at the anchorage of the cable 
(Hamilton III et al., 1995).  According to Xu & Chen, 2013 corrosion reduces the cross sectional 
area  of the cable as well as the mechanical properties  of the cable such as the yield load, ultimate 
load, and ultimate strain and affects the ultimate tensile strength of the cable.  Therefore the 
response of a cable-stayed bridge with the cables corroded to the sudden loss of a will be 
significant the mechanical properties of the cables affected since the cables are designed to a limit 
of 45% of their ultimate tensile strength. 
Effect of corrosion on the structural response of cable-stayed 
bridges to the loss of cable(s) 
O.A. Olamigoke, G. Parke & B.M. Imam 
University of Surrey, Guildford, UK. 
 
ABSTRACT: The cables on cable-stayed bridges can break due to collision, explosion, and 
excessive corrosion of the strands leading to the vulnerability of this structure thus progressive 
collapse.  The structural response of cable-stayed bridges will differ when a combination of 
factors such as corrosion and extreme events leads to the loss of the cable(s) as opposed to extreme 
events with no corrosion present. Most existing cable-stayed bridges have their stays subject to 
corrosion as opposed to the newly constructed ones.  Varying the extent of corrosion, the response 
of a cable-stayed traffic bridge is analyzed using three dimensional non-linear dynamic analysis 
for critical locations as well as loading combinations.   The results show that 50% and 55% 
corrosion of the cable has the worst effect.  The loss of the longest cable ______ 
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The PTI guideline only cover for the sudden loss of a cable and recommend  a Dynamic 
Amplification Factor (DAF) of 2.0 with an accidental load combination  (PTI D-45.1-12, 2012) 
while the Eurocode recommends and amplification factor of 1.5.  However, when corrosion is 
present before the loss of the cable this amplification factor may not be appropriate.  The sudden 
loss of a cable can be due to a bomb blast which at the point of loss not only drops the cable force 
to zero over a very short period but also induces high stress variation in the positive and negative 
phase caused by detonation pressure and wave refraction respectively (Watson, 1998; Agrawal 
and Yi, 2009; Deng and Jin, 2009). 
A number of research has been carried out on the sudden effect of the loss of cable on the 
various cable supported structures by either obtaining DAF, varying the type of load, number of 
cables lost or obtaining cable rupture time using quasi-static and dynamic analysis.  (Bruno, 2008; 
Ruiz-Teran and Aparicio, 2009; Wolff and Starossek, 2009; Mozos and A.C. Aparicio, 2010; 
Gerasimidis and Baniotopoulos, 2011).   (Mozos and Aparicio, 2011) derived  the stress acting 
on a damaged and undamaged seven wire strand at different strain rates and the wire rupture time 
while Vikas, et al., 2013 looked into the effect of corrosion on the cable-stayed bridge response. 
However this paper combines the effect of corrosion before the an explosion event aiming at  
determining the effect of corrosion on the response of a cable-stayed traffic bridge model when 
subject to extreme events due to blast varying the location of the cable lost.  The corrosion analysis 
method is validated by modeling the cables as solid elements and introducing corrosion by area 
loss. 
Validation of Corrosion effect analysis method  
Corrosion reduction in a model has been accounted for by the reduction of young modulus to 
account for the material characteristic of corrosion and a reduction in area for the cable corrosion. 
(Vikas et al., 2013). 
    Parallel wire cable is the popularly used nowadays on cable-supported bridges because it 
gives an easier option for replacing the cables.  In this research, a parallel wire cable has been 
modeled as solid elements to estimate the effect of corrosion which leads to reduced cross 
sectional area on the cable force.  According to Mozos & Aparicio, 2011 the cables at the side get 
wet with dew at night but does not dry up totally unlike the top strands while the ones at the 
bottom stay wet day and night. 
The Figure 1 shows Seven (7) parallel strands with a diametre of 300 mm each is modeled and 
two similar models showing varying corrosion effects of 9% and 45%.  9% is chosen to represent 
corrosion at its initial stage while 45% is chosen because the cable design limit is set to 45% of 
the Ultimate Tensile Strength (UTS) of a cable which is known as the maximum stress the cable 
can take before it breaks. 
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 Figure 1:  Parallel cables modelled with varying corrosion effects 
     
The results obtained as presented in Table 1 shows that the percentage of corrosion is 
proportional to force left in the cable after the area is reduced.  Therefore the percentage of area 
wasted due to corrosion  can be modelled as percentage drop in the cable force. 
 
Numerical analysis 
A three dimensional nonlinear analysis of a cable-stayed bridge is modeled in Abaqus 6.13 to 
obtain its response to extreme load after corrosion of the cable(s).  
 
Table 1:  Relationship between cable areas lost and force reduction. 
% of 
Corrosion 
Area 
Wasted 
(m2) 
Total 
Area(m2) 
Force in 
Cable  
Force 
Drop * 
% 
Area 
Wasted  
Force 
reduction  
% 
Remarks  
9%  0.011 0.124 119792 109591 9% 9% ok 
42% 0.053 0.124 119792 65995 43% 45% ok 
* due to area wasted 
 
Description of Model geometry and layout 
A named cable-stayed dual carriage highway bridge with a total span of 676 m having two 
planes of stays in a semi-fan cable arrangement pattern stemming from a modified A-shaped 
pylon is modeled in three dimensions in Abaqus 6.13 software. 
The cable system is made up of 116 cables with two clear spans of 230 m each of main spans 
and back spans of 108 m each as shown in Figure 2.  The cables are spaced at 12 m from each 
other and 14 m between each set of fan.  The cable-system is made of two backstays 2 m part.  
The composite plate girder deck has a thickness of 260 mm having the plate girders at the edge, 
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cross beams at 1.446 m intervals and a deck width of 22 m; the deck is a composite one with the 
main span deck of 230 m longitudinally.      
The pylon is a hybrid of the H-pylon and A-pylon having a height below the deck of 33 m and 
above the deck of 85 m.   Figure 2 below shoes the general layout of the bridge.  The deck is 
allowed to expand to and extent of 31 mm on one side and pinned on the other side.  The cables 
are modeled as truss with reduced elastic modulus to account for the cable sag and reduced 
bending stiffness with a value shown in Table 2.  The cables have an Ultimate Tensile Strength 
of 1660 mPa.  A summary of the material and geometric properties is shown in Table 2 below.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: General layout, deck cross section and pylon section of model. 
  
 
Table 2. Material and Sectional Properties of Model 
 Element Material E 
(Gpa) 
Density 
(kN/m3) 
Poissons 
ratio, v 
Width Thickness 
Cable  Truss: tension 
only  
 (100– 200 mm 
Ø) 
Steel 195  77 0.3  29.3 
Deck  Shell S84R  
(260 mm 
concrete) 
Concrete 30 25 0.25   
Main 
girder 
Beam  B32   
(I-girder) 
Steel 210 77 0.3   
Cross 
beams 
Beam  B32    
 (I-girder) 
Steel 210 77 0.3  0.57  
Pylon Beam  B32 
(Box section) 
Steel 210 77 0.3  3.02  
Cross 
beam 
Beam  B32 
(Box section) 
Steel 210 77 0.3  1 
Loading  
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The loading applied is in accordance to Eurocode for highway bridges (EN 1991-1-2, 2002; EC1-
2, 2003), for the STR(strength) ultimate limit state and the accidental limit state following the 
Eurocode loading combinations for group 1 as the worst load combination  loads as 
recommended.  An unfactored UDL of 5 kN/m2 and wheel load (tandem system) of a maximum 
unfactored value of 200 kN is applied. The cables prestress are obtained by applying the STR 
load combination with restriction of zero (0) deflection at anchorage points.  
 
STR         Ed = {∑ γ𝐺,𝑗𝑗≥1 𝐺𝑘,𝑗 "+"γ𝑝𝑃"+"γ𝑄,1ψ0,1𝑄𝑘,1"+" ∑ γ𝑄,𝑖𝑖>1 ψ0,𝑖𝑄𝑘.𝑖  }, 
ACC             𝐸𝐷 = 𝐸{𝛴𝛾𝐺𝐽𝐺𝑘𝑗 +  𝛾𝑝𝑝 +  𝛾𝑄,𝑖𝑄𝑘,1 +  𝛴𝛾𝑄,𝑖𝜓0,𝑖𝑄𝑘,𝑖} 
where:  𝐸𝑑 =  𝐷𝑒𝑠𝑔𝑖𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑎𝑐𝑡𝑖𝑜𝑛𝑠, 𝛾𝐺,𝑗 =  𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑎𝑐𝑡𝑖𝑜𝑛, 𝐺𝑘,𝑗 =
 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑎𝑐𝑡𝑖𝑜𝑛, 𝛾𝑄,𝑖 =  𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑎𝑐𝑡𝑖𝑜𝑛 𝑖,   𝜓0,1 =
𝐹𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑎𝑐𝑡𝑖𝑜𝑛 1, 𝜓0,𝑖 =
 𝐹𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑎𝑐𝑡𝑖𝑜𝑛 𝑖, 𝑄𝑘,1 =
 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝑎𝑛 𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑎𝑐𝑡𝑖𝑜𝑛 1, 𝑄𝑘,𝑖 =
 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝑎𝑛 𝑎𝑐𝑐𝑜𝑚𝑝𝑎𝑛𝑦𝑖𝑛𝑔 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑎𝑐𝑡𝑖𝑜𝑛 𝑖, 𝐴 =  𝐴𝑐𝑐𝑖𝑑𝑒𝑛𝑡𝑎𝑙 𝐴𝑐𝑡𝑖𝑜𝑛(EC0, 1990) 
 
Numerical Analysis method 
Both static and dynamic analyses were carried out on the model with the cables modeled as trusses 
with no compression with the Ernst modulus of elasticity to account for the nonlinear behavior of 
the cable.    
The cable-stayed bridge was analysed under static and dynamic conditions to obtain the its 
response to permanent and variable loads as well as accidental loads and the extent of their 
contribution.   Frequency analysis is carried out to derive the damping to be applied to the model.  
The mode shapes that exhibited total response was used to obtain the Rayleigh damping 
coefficients.   
Previous research suggested the cable removal time as 0.05s In modeling the amplitude and time  
to the cable loss (Mozos and Aparicio, 2011).  However this research is using the simplified blast 
load amplitude recommended by the US department of Army as shown in Figure 3 below (United 
Facilites Criteria (UFC), 2008).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Amplitude of corrosion and blast applied to the cable force  
 
The corrosion is considered for at various extents up till 45% which is the cable design limit of 
the UTS.  The corrosion is applied in a step over the period of the bridges 2.49 seconds (the period 
of the bridge obtained from frequency analysis) and the next step the blast load is applied to the 
model.  
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Results and Discussion  
Dynamic response to cable loss after varying corrosion extent 
The loss of the longest cable in the longest cable in the main span due to blast after the cable has 
been subject to corrosion is analysed.  The stress in the backstay when the longest cable in the 
maim span is lost over the first 7.5 seconds is obtained.  The results show that the stress in the 
backstay for the 50% and 55% corrosion induce the highest stress in the backstay and shown in 
Figure 4. 
 
 
 
The moment in the cross beam at the point of cable loss is investigated to obtain the about 10% 
increase in moment for the 50% corrosion along in comparrstuvw to the moment in the cross 
beam with no corrosion.   The reduction in area will affect the stress in the cable and hereby the 
rigid support at the end of the cross beam as shown in Figure _____. 
The displacement of point of cable loss over the first 7.5seconds  as shown in Figure __ shows 
that before the blast the displacement increases as the corrosion increases reducing the 
serviceability confidence of the bridge user.  This will be a major issue on cable-stayed bridges 
with large cable spacing.   The  
 
The stress redistributed to the closest, adjacent, shortest, longest and backstay cable is 
summarized in Table 2 for the loss of the longest cable in the main span and the loss of the 
backstay.  This results show that for the loss of the backstay the shortest cable does not show 
increase in stress as corrosion increases from 10% - 40% due to the short length and shorter 
inclination.  Interestingly, the second backstay also shows a similar behavior as the shortest cable 
even though it has a longer length and higher inclination but it is further away from the location 
of cable loss hereby not having the stress lost majorly redistributed to it. 
The longest cable in the middle semi-fan set fails as the stress exceeds the 45% UTS limit for 
cables while the adjacent and next cable to the cable lost show a gradual increase in stress as the 
corrosion percentage is increase.   
For the loss of the longest cable in the cable in the middle semi-fan set,   the nearest cable and the 
closest backstay to the cable lost all have stresses greater 45% of the UTS.   The shortest cable 
has the same stress for all corrosion variations as the cable lost is not in the same semi-fan set.  
The corrosion does not have a significant effect far away cables and stable cables. 
 
 
0.00E+00
1.00E+08
2.00E+08
3.00E+08
4.00E+08
5.00E+08
0 1 2 3 4 5 6 7
St
re
ss
 in
 b
ac
ks
ta
y
Time (seconds)
no corrosion 10% corrosion 20% corrosion 30% corrosion
40% corrosion 50% corrosion 55% corrosion
Structural Response of Cable-Stayed Bridges to Cable Loss 
 
Page | 342  
 
 
 
 
 
 
 
Table __; Redistributed stresses in cables due to loss of backstay 
 0% 10% 20% 25% 30% 40% 50% 55% 
adjacent cable  4.49E+08 4.54E+08 4.55E+08 4.56E+08 4.57E+08 4.58E+08 4.74E+08 4.75E+08 
Next cable  4.27E+08 4.30E+08 4.33E+08 4.34E+08 4.35E+08 4.37E+08 4.52E+08 4.53E+08 
longest cable  7.56E+08 7.60E+08 7.61E+08 7.61E+08 7.61E+08 7.61E+08 7.66E+08 7.66E+08 
Backstay CP61 4.82E+08 4.85E+08 4.85E+08 4.85E+08 4.85E+08 4.85E+08 4.98E+08 4.98E+08 
shortest cable 6.96E+07 6.96E+07 6.96E+07 6.96E+07 6.96E+07 6.97E+07 6.64E+07 6.64E+07 
 
Table: Redistributed stresses in cables due to loss of longest cable in main span 
 0% 10% 20% 25% 30% 40% 50% 55% 
Backstay CP1 7.56E+08 1.01E+09 1.01E+09 1.01E+09 1.01E+09 1.01E+09 1.01E+09 1.01E+09 
Adjacent  6.27E+08 6.12E+08 6.12E+08 6.12E+08 6.13E+08 0.00E+00 6.14E+08 6.14E+08 
Next Cable  9.14E+08 9.00E+08 9.04E+08 9.05E+08 9.07E+08 9.11E+08 9.14E+08 9.16E+08 
Backstay  2.82E+08 2.84E+08 2.84E+08 2.85E+08 2.85E+08 2.85E+08 2.86E+08 2.61E+08 
shortest  4.51E+08 4.14E+08 4.14E+08 4.14E+08 4.14E+08 4.14E+08 4.14E+08 4.14E+08 
 
The effect of the corrosion of the stays on the response of the bridge when varying the location 
of cable lost is considered.  The loss of the  backstay is lost it has no effect the extent on the extent 
of corrosion due to the fact these cables are firmly connected and there are two backstays close to 
each other but the worst effect is noticed when the longest cable is lost.  With a divergence of up 
to 300 mN with 25% corrosion and around 500 mN with 50% corrosion.  This  
Figure:  effect of location of cable loss  
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Effect of loss of cable after corrosion on DAF 
 
According to the codes and guideline’s the use of dynamic amplification factors.   
 
𝑫𝑨𝑭 =
𝑬𝒅𝒚𝒏− 𝑬𝒊
𝑬𝒔𝒕𝒂𝒕𝒊𝒄−𝐸𝑖
        
           
     (1) 
where Edyn =  Dynamic Effects to extreme events,  Estatic = Static response to removal of a cable,  Ei  =   
 Static Effect in the initial state . 
 
The dynamic amplification factor obtained shows that for all effect higher percentage of 
corrosion up to 50% makes a signification effect on the response of the bridge. 
However the closest cable to the cable lost shows a DAF of 4.55-4.72 twice the value suggested 
by the code.   For the backstay a value range of 1.89- 2.11 is obtained which is in the range of the 
code/guideline recommended value. For the DAF of the displacement at the point of loss a high 
value in the range of 11.54 is obtained which aggress with the results of (Starossek, 2006b) 
mentioned that the moment on the pylon is usually higher  
 
The edge girder showed the greatest variation range due to corrosion of 1.413 – 6.18 
 
Table _- DAF for cables for corrosion variation 
 backstay 1 Adjacent  Next Cable Back Stay shortest cable 
0% 1.89 1.05 4.55 4.52 3.03 
10% 1.93 -1.47 4.62 4.56 3.03 
20% 1.94 1.08 4.63 4.63 3.03 
25% 1.95 1.09 4.63 4.56 3.03 
30% 1.95 1.10 4.63 3.85 3.03 
40% 1.97 1.11 4.63 4.56 3.04 
50% 2.11 2.11 4.72 5.11 2.78 
55% 2.12 2.12 4.72 5.12 2.78 
 
 
Conclusion 
It is evident that the loss of up to 50%  
1.  Excessive corrosion in cables lead to the high stress redistribution cables closes to the 
location of loss as well as to major support cables. 
2. The corrosion a 
3. The cables next to the most exposed that has the highest likelihood to be lost have 
a highest DAF of 4.72.  the back stay  shows a higher DAF of 5.12  
 
 
  
